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“... when the shrivelled skin of the ordinary is stuffed out with meaning, it
satisfies the senses amazingly.”
–Virginia Woolf

v
Abstract
Alexis Carlos HOLGADO
Development of a Three-Axis, Sensitivity Adjustable,
Multi-Modal Skin Sensor Module
The sense of touch is of the upmost importance for the majority of living
creatures, being the main interface that allows interaction with the
environment. The same situation applies to robots. However, currently only
very few skin sensors can be deployed on large surfaces to completely cover
robots with devices that can provide detailed tactile information.
Furthermore, most devices only allow single-axis normal force
measurements—disregarding the importance of shear force interactions—or
cannot be covered with a soft material, therefore lacking compliance. The
range of operation of a skin sensor is also important if the goal is to work in
unstructured environments and with daily life objects. In this regard,
usually sensors favor sensitivity to lower forces over range of operation.
This thesis presents the design process of a sensor module to be used as
robot skin. The sensor module features a set of properties that other skin
sensors have not previously achieved: 3-axis force sensing, adjustable
sensitivity settings (broadening the operating range, detecting from 4g f to
up to 4Kg f ), ’pre-touch’ sense (proximity sensing from a distance of 10cm or
more), and a design ready for interconnection and that offers the possibility
to be completely covered with soft material.
The sensor is a 3-layer assembly. The bottom layer includes a magnetic
sensor. The middle layer is a flexible material. The top layer contains a small
electromagnet. In a nutshell, the concept of operation is the following: when
external forces become in contact with the sensor, the flexible material is
deformed by the interaction and changes the position of the magnetic field
generated by the electromagnet. The spatial displacement of the magnetic
field is measured in three axes by the magnetic sensor. Calibration
procedures then transform the measured magnetic magnitudes into force
vectors. Additionally, the module includes a layer of conductive material
connected to a capacitive sensing circuit. Two sensing modalities are
achieved with this circuit: capacitive proximity sensing, that allows to
perceive the approach of objects and capacitive normal force sensing, to
complement the magnetic-based force abilities. The outermost layer can be
completely covered with a soft material to add compliance to the skin
without hindering the magnetic or capacitive sensing principles employed
within the sensor module.
Therefore, this thesis presents a sensor module that has been designed to
be interconnected with other modules, to be able to cover large surfaces of a
robot with normal and shear force sensing and object proximity detection.
vii
Acknowledgements
First of all, I would like to thank Professor Shigeki Sugano for all his
continuous support during my research. Despite his busy schedule, he
always found time to give feedback and discuss the project.
I would like to express mi gratitude to Dr. Sophon Somlor and Dr. Tito
Pradhono Tomo, that have become my mentors and advisors. And to my
friend and colleague, Chincheng Hsu, with whom I lived unforgettable
adventures and good moments. Also, to all members of Sugano Laboratory,
thank you for your help and support.
I would like to acknowledge the Japanese government-sponsored
Monbukagakusho (MEXT) Scholarship, which made my study and research
in Japan financially possible.
My gratitude also goes to the members of my previous laboratory,
specially Professor Shuji Hashimoto and Dr. Guillermo Enriquez (from
’SHALAB’ Laboratory). Both I hold dear and their knowledge and guidance
during the first studies of my Master’s degree helped me become a better
researcher.
I would like express my gratitude to my good friend Javier Alejandro
Alvarez Lopez. This work is an extension of his work at Waseda University.
On the personal side, it has not been easy for a young man from Buenos
Aires to leave everything and everyone behind and move to Tokyo for several
years, missing very important moments of my beloved family in order to
pursue advance knowledge in robotics.
Foremost, I would like to thank my wife, Melisa Henriquez, for her
absolute and unconditional support during the long journey leading to the
doctorate. She has also left all behind and moved half the world away with
me. Without her love this would have been an impossible task for me.
Thank you, Mely.
My parents, Diana De Carli and Juan Carlos Holgado, have been the great
pillar on which I have always leaned for support, with whom I have cried
after failures and celebrated successes. This Ph.D. is for you both.
To my brother, Elian, and my sister, Maria del Sol that have always helped
me focus and motivate me to continue to work hard to achieve my goals.
Finally, I would like to thank my family and friends in Japan, Argentina
and around the world.
Tokyo, July 2, 2020
Alexis Carlos Holgado
ix
Contents
Abstract v
Acknowledgements vii
1 Introduction 1
1.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.2.1 Importance of Skin/Tactile Sensing . . . . . . . . . . . 2
1.2.2 Current State of Skin/Tactile Sensors . . . . . . . . . . 3
1.3 Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
1.4 Novel Contributions . . . . . . . . . . . . . . . . . . . . . . . . 20
1.5 Thesis Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
1.5.1 Chapter 2 . . . . . . . . . . . . . . . . . . . . . . . . . . 21
1.5.2 Chapter 3 . . . . . . . . . . . . . . . . . . . . . . . . . . 22
1.5.3 Chapter 4 . . . . . . . . . . . . . . . . . . . . . . . . . . 22
1.5.4 Chapter 5 . . . . . . . . . . . . . . . . . . . . . . . . . . 22
1.5.5 Chapter 6 . . . . . . . . . . . . . . . . . . . . . . . . . . 23
1.5.6 Chapter 7 . . . . . . . . . . . . . . . . . . . . . . . . . . 23
2 Tactile Sensing in iCub Fingertips 25
2.1 Tactile Sensors of the iCub Robot . . . . . . . . . . . . . . . . . 27
2.2 Sensor Details . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
2.3 Integration into iCub . . . . . . . . . . . . . . . . . . . . . . . . 32
2.3.1 Adapters Design and Assembly . . . . . . . . . . . . . 33
2.3.2 Software Integration . . . . . . . . . . . . . . . . . . . . 34
2.4 Experiments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
2.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
2.6 Sensor Limitations . . . . . . . . . . . . . . . . . . . . . . . . . 42
3 Sensor Module First Generation 45
3.1 Sensor Concept . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
3.2 Sensor Board . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
3.3 Coil Board . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
3.4 Experiments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
3.4.1 Experimental Setup . . . . . . . . . . . . . . . . . . . . . 57
3.4.2 Results and Discussion . . . . . . . . . . . . . . . . . . . 58
3.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
3.6 Sensor Limitations . . . . . . . . . . . . . . . . . . . . . . . . . 62
4 Improvements on Sensor Module 65
4.1 Second Generation . . . . . . . . . . . . . . . . . . . . . . . . . 65
4.1.1 Enhancements on the Sensor Board . . . . . . . . . . . 67
4.1.2 Enhancements on the Coil Board . . . . . . . . . . . . . 69
4.1.3 Enhancements on the Middle Layer . . . . . . . . . . . 72
4.1.4 2nd Generation Conclusions . . . . . . . . . . . . . . . . 75
4.1.5 2nd Generation Limitations . . . . . . . . . . . . . . . . 76
4.2 Third Generation . . . . . . . . . . . . . . . . . . . . . . . . . . 76
4.2.1 Enhancements on the Coil Board . . . . . . . . . . . . . 76
4.2.2 Enhancements on the Middle Layer . . . . . . . . . . . 81
4.2.3 3rd Generation Conclusions . . . . . . . . . . . . . . . . 83
4.2.4 3rd Generation Limitations . . . . . . . . . . . . . . . . 84
4.3 Fourth Generation . . . . . . . . . . . . . . . . . . . . . . . . . 84
4.3.1 Footprint Reduction . . . . . . . . . . . . . . . . . . . . 86
4.3.2 Minimizing Crosstalk Between Measuring Axes . . . . 90
4.3.3 Multimodal Capabilities . . . . . . . . . . . . . . . . . . 94
4.3.4 4th Generation Conclusions . . . . . . . . . . . . . . . . 95
4.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95
5 Sensor Characterization 97
5.1 Sensor Calibration . . . . . . . . . . . . . . . . . . . . . . . . . . 98
5.2 Hysteresis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
5.3 Signal-to-noise Ratio . . . . . . . . . . . . . . . . . . . . . . . . 102
5.4 Adjustability Curves . . . . . . . . . . . . . . . . . . . . . . . . 103
5.5 Minimum Detectable Forces . . . . . . . . . . . . . . . . . . . . 105
5.6 Maximum Detectable Forces . . . . . . . . . . . . . . . . . . . . 106
5.7 Sensitivity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107
5.8 Resolution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107
5.9 Accuracy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107
5.10 Response Time . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
5.11 Linearity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
5.12 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110
6 Multi-Modality and Sensor Network 111
6.1 Multi-Modality based on Capacitive Sensing . . . . . . . . . . 111
6.1.1 Mode P: Proximity Sensing . . . . . . . . . . . . . . . . 113
6.1.2 Mode F: Normal Force Sensing . . . . . . . . . . . . . . 116
6.1.3 Capacitive Sensing: Single Module versus Multiple
Modules . . . . . . . . . . . . . . . . . . . . . . . . . . . 117
6.1.4 Energy Management on the Coil . . . . . . . . . . . . . 118
6.1.5 External Magnetic Field and Material Properties
Detection Capabilities . . . . . . . . . . . . . . . . . . . 119
6.2 Sensor Network Strategies . . . . . . . . . . . . . . . . . . . . . 121
6.2.1 Bus . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121
6.2.2 Daisy chain or Ring . . . . . . . . . . . . . . . . . . . . . 122
6.2.3 Tree or Star . . . . . . . . . . . . . . . . . . . . . . . . . 123
6.2.4 Mesh . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123
6.3 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125
7 Conclusion 127
7.1 Achievements . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127
7.2 Research Limitations . . . . . . . . . . . . . . . . . . . . . . . . 128
7.3 Future Works . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128
Bibliography 131

xiii
List of Figures
1.1 Piezoelectric sensors 1 . . . . . . . . . . . . . . . . . . . . . . . 4
1.2 Piezoelectric sensors 2 . . . . . . . . . . . . . . . . . . . . . . . 5
1.3 Piezoelectric sensors 3 . . . . . . . . . . . . . . . . . . . . . . . 6
1.4 Piezoresistive sensors 1 . . . . . . . . . . . . . . . . . . . . . . . 7
1.5 Piezoresistive sensors 2 . . . . . . . . . . . . . . . . . . . . . . . 8
1.6 Piezoresistive sensors 3 . . . . . . . . . . . . . . . . . . . . . . . 9
1.7 Optical sensors 1 . . . . . . . . . . . . . . . . . . . . . . . . . . 10
1.8 Optical sensors 2 . . . . . . . . . . . . . . . . . . . . . . . . . . 11
1.9 Pressure-Sensitive Rubber sensors . . . . . . . . . . . . . . . . 12
1.10 Hall effect sensors . . . . . . . . . . . . . . . . . . . . . . . . . . 13
1.11 Capacitive sensors 1 . . . . . . . . . . . . . . . . . . . . . . . . 14
1.12 Capacitive sensors 2 . . . . . . . . . . . . . . . . . . . . . . . . 16
1.13 Sensors on large surfaces . . . . . . . . . . . . . . . . . . . . . . 18
2.1 The iCub with new sensitive 3-axis fingertips mounted on the
right hand. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
2.2 Current version of iCub tactile sensors. . . . . . . . . . . . . . 28
2.3 Render of a single sensor with dimensions. . . . . . . . . . . . 30
2.4 Exploded view of sensor module . . . . . . . . . . . . . . . . . 31
2.5 Layers of complete sensor module with reference frame. . . . 32
2.6 Placement of sensors in fingertip . . . . . . . . . . . . . . . . . 33
2.7 iCub adapter design . . . . . . . . . . . . . . . . . . . . . . . . 35
2.8 Manufactured iCub adapters . . . . . . . . . . . . . . . . . . . 36
2.9 Sensors integration with YARP middleware . . . . . . . . . . . 36
2.10 Experiments on the iCub . . . . . . . . . . . . . . . . . . . . . . 37
2.11 iCub Experiment 1 results . . . . . . . . . . . . . . . . . . . . . 38
2.12 iCub Experiment 2 results . . . . . . . . . . . . . . . . . . . . . 40
3.1 Layers of sensor module with references. . . . . . . . . . . . . 48
3.2 Picture of the Middle Layer, Coil Layer and Top Layer. . . . . 48
3.3 Example diagram of network of Sensor Boards with
redundant routes. . . . . . . . . . . . . . . . . . . . . . . . . . . 50
3.4 Sensor Board: BMF055 Shuttle Board and manufactured
Sensor Board . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
3.5 Readouts from the permanent magnet vertical approach
experiment. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
3.6 Single-layer, 8-loop coil magnetic field simulation results . . . 53
3.7 Dual-layer, 16-loop coil magnetic field simulation results . . . 54
3.8 Coil Z axis magnetic field as a function of current and distance
from sensor. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
3.9 Temperature of the Coil Board . . . . . . . . . . . . . . . . . . . 56
3.10 Temperature of the coil in function of the current flow. . . . . . 57
3.11 Sensor module 1st Generation . . . . . . . . . . . . . . . . . . . 58
3.12 Experiment setup. . . . . . . . . . . . . . . . . . . . . . . . . . . 59
3.13 Normal force results . . . . . . . . . . . . . . . . . . . . . . . . 60
3.14 Shear force results . . . . . . . . . . . . . . . . . . . . . . . . . . 61
4.1 Sensor 1st and 2nd Generations comparison . . . . . . . . . . . 66
4.2 Layers of the 2nd Generation sensor module. . . . . . . . . . . 67
4.3 Sensor components: Coil Board and Sensor Board with
3D-printed container. . . . . . . . . . . . . . . . . . . . . . . . . 68
4.4 Coil temperature experiment results. . . . . . . . . . . . . . . . 71
4.5 Vertical approach experiment setup . . . . . . . . . . . . . . . 72
4.6 Vertical approach magnetic field strength Z axis readouts
under different current values. . . . . . . . . . . . . . . . . . . 73
4.7 Normal and shear force experiment setup. . . . . . . . . . . . . 74
4.8 Experiment results for neoprene and polyurethane open-cell
materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
4.9 Sensor 2nd and 3rd Generations comparison . . . . . . . . . . . 77
4.10 Simulation of coil magnetic field intensity shape . . . . . . . . 78
4.11 Permanent magnets for the Coil Board . . . . . . . . . . . . . . 79
4.12 Simulation results of Coil Board with permanent magnets. . . . 80
4.13 Experiment results of Coil Board with permanent magnets . . . 80
4.14 Three cases of tested neoprene shapes. . . . . . . . . . . . . . . 82
4.15 Experiment results of three different neoprene shapes to be
used as Middle Layer. . . . . . . . . . . . . . . . . . . . . . . . . 83
4.16 Layers of sensor module, 4th Generation. . . . . . . . . . . . . 85
4.17 New coil and middle material . . . . . . . . . . . . . . . . . . . 88
4.18 New coil magnetic field intensity test setup and results . . . . 89
4.19 Sensor 3rd and 4th Generations comparison . . . . . . . . . . . 90
4.20 Magnetometer location experiment setup. . . . . . . . . . . . . 91
4.21 Magnetometer location experiment results . . . . . . . . . . . 92
4.22 Crosstalk raw data comparison . . . . . . . . . . . . . . . . . . 93
4.23 Crosstalk processed data comparison . . . . . . . . . . . . . . . 94
5.1 Force experiments setup. . . . . . . . . . . . . . . . . . . . . . . 98
5.2 Calibration results . . . . . . . . . . . . . . . . . . . . . . . . . . 100
5.3 Calibrated sensor response for normal force . . . . . . . . . . . 101
5.4 Calibrated sensor response for shear force . . . . . . . . . . . . 102
5.5 SNR curves . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
5.6 Adjustability curves . . . . . . . . . . . . . . . . . . . . . . . . . 105
5.7 Minimum detectable force . . . . . . . . . . . . . . . . . . . . . 106
5.8 Accuracy at different load forces . . . . . . . . . . . . . . . . . 108
5.9 Nonlinearity in sensor. . . . . . . . . . . . . . . . . . . . . . . . 109
6.1 Test setup for ’pre-touch’ capacitive sensing . . . . . . . . . . . 114
6.2 Capacitive proximity sensing: ’Pre-Touch’ experiment results. 115
6.3 Capacitive normal force sensing results . . . . . . . . . . . . . 117
6.4 Inverting the controllable magnetic field. . . . . . . . . . . . . 120
6.5 Bus topology example. . . . . . . . . . . . . . . . . . . . . . . . 121
6.6 Daisy-chain topology example . . . . . . . . . . . . . . . . . . 122
6.7 Tree or Star topology example. . . . . . . . . . . . . . . . . . . 123
6.8 Mesh topology example. . . . . . . . . . . . . . . . . . . . . . 124
7.1 Possible new materials for the Middle Layer . . . . . . . . . . 129

xvii
List of Tables
2.1 Dragon Skin 30 specifications . . . . . . . . . . . . . . . . . . . 32
3.1 Custom Sensor Board PCB specifications . . . . . . . . . . . . 49
3.2 Neodymium magnet specifications . . . . . . . . . . . . . . . . 51
3.3 Coil Board specifications . . . . . . . . . . . . . . . . . . . . . . 54
4.1 Sensor Board specifications . . . . . . . . . . . . . . . . . . . . 69
5.1 Regression models comparison parameters . . . . . . . . . . . 99
5.2 Calibration coefficients for the Huber regression formulation. 100
6.1 ’Pre-Touch’ experiment values . . . . . . . . . . . . . . . . . . . 115
7.1 Silicone materials specifications . . . . . . . . . . . . . . . . . . 130

To my parents, Diana and Juan Carlos,
and my wife, Melisa
Para mis padres, Diana y Juan Carlos,
y mi esposa, Melisa

1
Chapter 1
Introduction
1.1 Motivation
The embodiment experience is a subject of extensive research in
robotics [1]–[3]. The point of this idea is that robots need physical extensions
to interact with the surrounding world. In particular, tactile sensing plays a
vital role in the way a robot interacts with the environment [4], [5]. In
humans, the somatic senses—the sense of touch, proprioception (the sense
of self-position and movement), and haptic perception—also provide crucial
information. Particularly, the skin is the main interface with the
environment and offers many sensing modalities: force, vibration,
temperature, etc. Consequently, robots will need skin that can absorb the
influences of the environment with a similar set of sensors.
In the case of force sensing, there are two major methods used for robots:
internal and external sensing. Internal sensing usually employs torque or
force sensors in the joints to calculate the resultant vector of external forces.
However accurate, this method cannot discern individual forces or the
location of points of contact. In contrast, external sensing utilizes sensors in
direct contact with the external forces and is, therefore, able to sense
magnitude, direction and location of particular forces. Due to the analogy
with living creatures, external sensors are usually called tactile or skin
sensors.
There are several tactile sensors for robots focusing on manipulation and
grasping tasks. In most cases, these sensors offer high sensitivity and are
compact enough to be placed in the fingers or other manipulators of robots.
Few cases present sensors with sensing capabilities for more than 1 axis at a
time, that are easy to produce and integrate or that have multimodal
sensing features. Moreover, through a review of the literature, it can be
observed that there is a very limited number of studies on skin sensors for
robots that can cover large surfaces, measure more than 1 axis of force or be
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completely covered with a soft material. These are features that, in my
opinion, are paramount to robustly operate in unknown or unstructured
environments, as well as for safe and reliable human-machine interactions.
1.2 Background
1.2.1 Importance of Skin/Tactile Sensing
An ultimate goal in robotics is to have robot helpers in houses and factories,
assisting humans in menial tasks, thus allowing us to enjoy more leisure
time or engage in creative activities or intellectual work. To accomplish this
goal, robots should work in unstructured environments and would, most
likely, be in close vicinity to humans. To safely perform these tasks, robots
would understandably need a multitude of sensors. Tactile sensors would
be one crucial group, as they can provide the most direct information about
the interactions of the robot with its surroundings.
Several approaches have tried to solve the tactile measurements problem
in robotics. A majority of which place special emphasis on dexterous object
handling and manipulation, concentrating on small-sized sensors that
usually are embedded into end-effectors, such as robot hands or fingers,
parallel grippers, etc. I will call this group of sensors ’Manipulation Tactile
Sensors’ (from now on MTS).
Conversely, a lower number of research projects focus on expanded tactile
sensing, designed to equip large surfaces of robots with sensory information,
covering, for instance, an entire robot body or arm. I will call this group
’Extended Tactile Sensors’ (from now on ETS).
When discussing preferred characteristics and features, MTS and ETS
clearly differ.
MTS would be favored with high spatial resolution, small-sized sensors,
fast response time and, not so common, 3D-force sensing—all similar
parameters to the most sensitive areas for humans, such as hands or
lips [6]–[8]. Furthermore, humans can handle objects in a dexterous and
robust way by sensing the direction and the magnitude of each contact
point—among other measurements, such as auditive or visual feedback.
Sensing shear or tangential force is especially important for trying to detect
slippage during object manipulation [9], [10]. Tactile sensors with 3-axis
sensing capabilities provide more exhaustive data of the interactions with
the environment when compared to the data offered by a single-axis
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sensor [11]. For example, the results presented in [12] reveal that the
recognition rate for in-hand object manipulations is higher when tactile 3D
data is available. Comprehensive overviews of robot hands and MTS
technologies can be found in [13]–[15].
Meanwhile, the ETS group of extended sensors would prefer the
following characteristics: (a) a wider range of operations to cover a higher
number of force interactions, (b) network connection capabilities to be able
to interconnect as many sensors as possible, and (c) multimodality
sensing—e.g., proximity sensing—for collision avoidance, among other
purposes. Simpler and cheaper manufacturing methods would also be an
advantage because they could offer the possibility of mass-production. A
summary of manufacturing methods and robot skin applications is
presented in the Ph.D. dissertation of Strohmayr [16] and also in the works
of Bartolozzi et. al [4].
Clearly, it is difficult to design sensors with all these features combined.
In particular, a predicament for most tactile sensors, either from the MTS or
the ETS group, is the necessity to compromise between range and
sensitivity. Generally, the sensitivity of a sensor and its range of
measurement are designed to achieve a certain task when the sensor is
devised. After the production phase, these features are quite difficult or
impossible to modify. An example of a sensor that includes a mechanism to
adjust its sensitivity is [17]. However, such mechanisms usually increase the
size of the sensor, which renders it incompatible with certain
use-cases—especially for MTS sensors.
1.2.2 Current State of Skin/Tactile Sensors
A considerable number of tactile sensing principles have been studied, most
of which report distributed capabilities but only allow to measure 1-axis
force per sensor. This section will briefly review several sensing
technologies with a focus on tactile sensing of Hall effect-based,
capacitive-based and multimodal sensors. These technologies closely relate
to the sensor module idea presented in this thesis.
More extensive reviews of tactile sensor technologies can be found in [5],
[18]–[20]. Tactile sensors with a focus on human-robot interaction are
discussed in [21] and in [22].
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1.2.2.1 Piezoelectric and Piezoresistive-based Sensors
Piezoelectric sensors rely on thin membranes of materials that produce
electricity when they are under mechanical stress. Polyvinylidene fluoride
(PVDF) or Polyvinylidene chloride (PVDC) are examples of polymers that
can be used for piezoelectric sensors. One main advantage of this
technology is the ability to create film-thin sensors that are well suited for
detecting small variations in force, even the ones resulting from vibrations.
Therefore, this type of sensors have been used to perceive material
texture [23]. For the same reason, and because of the nature of the
piezoelectric technology, these sensors are not suitable for slow-changing
forces or static pressure measurements. In the works of [23], a
capacitive-piezoelectric tandem fingertip sensor was developed to overcome
this problem and to detect and discriminate between static and dynamic
spatio-temporal tactile stimuli, see Figure 1.1 for references to this research.
FIGURE 1.1: Capacitive-piezoelectric tandem sensing structure
on fingertip (a) Sensor integrated in phalange of finger of a 3D-
printed hand. (b) Layers of the sensor with fingerprint ridges
on the top layer. (c) Hand with sensor. All pictures were taken
from [23].
This type of sensors has been used in several other robotic hand projects,
such as [24]–[26] (please see Figure 1.2).
Thin piezoelectric sensors can be embedded into soft materials to be
used as robot skin because of their flexibility. They are, thus, well suited for
large scale skin robot applications—like the network of CB2 humanoid
robot, which has almost 200 sensors distributed throughout its body [27].
More recently, a similar approach of a thin skin sensor with feedback
actuation was presented in [28]. Figure 1.3 offers pictures from both projects.
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FIGURE 1.2: Related sensors based on piezoelectric sensing
(PVDF). (a) Flat PVDF sensors on five-finger robot hand
(b) SKKU Hand II: piezoelectric PVDF tactile sensor and robot
hand (c) PVDF and strain gauges with random distribution in
soft fingertip. Pictures from [24], [25] and [26], respectively.
On the other (robot) hand, piezoresistive sensors operate under the
principle of resistance changes generated by deformations. Strain gauges
are one of the best examples of this technology, widely used in both
industry and academia.
Similar to the piezoelectric technology, piezoresistive sensors cannot
easily differentiate the axes of deformation, which means that reliable 3-axis
sensing can only be achieved with complex, and rather bulky, structures.
This is a limitation that makes them unsuitable for robot skin 3D sensing.
However, the concept can be applied to multi-axis force/torque sensors
(F/T), like the ones found in devices included in the WENDY robot [29] or
in the DLR-HIT Hand I and II [30], [31]. Small F/T sensors based on
piezoresistive technology have been integrated into each finger of these
robotic systems. See Figure 1.4 for references to the works of [29], [31].
Force-sensitive resistors (FSR) are another technology with similar
characteristics but different underlying physical principles. FSR sensors,
usually in the shape of pads, can also only sense a single axis of force.
Several robots use distributed 1-axis sensors (based on the same principles)
in robot skins and multi-axis force measurement devices for robot links.
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FIGURE 1.3: Thin piezoelectric sensors. (a) CB2 humanoid
robot covered with skin sensors. Picture from [27]. (b) Soft
skin with pneumatic actuator and piezoelectric sensor. Picture
from [28].
Examples of this use-case can be found in [32]–[34]. In particular, the
TWENDY-ONE hand [34], developed in Sugano Laboratory at Waseda
University, features curved fingertips that integrate 6-axis force/torque
sensors. Additionally, each hand with 4 fingers has 241 distributed
capacitive sensors.
The hand of the Robonaut 2 robot integrates a miniature 6-axis F/T
sensor in each finger segment[35], [36]. The size of the hand is similar to the
human hand, containing most needed electronics inside the palm. Refer to
Figure 1.5.
An interesting array of four 3-axis piezoresistive sensors were
incorporated into a robot finger in [37]. Meanwhile, a single-axis tactile
sensor for manipulation purposes was presented in [38]. A concept for a
triaxial tactile sensor employing piezoresistive beams in an elastic substrate
is described in [39], [40]. Finally, the research presented in [41] introduced
an interesting new idea for a 3-axis force sensor that contains an array of
sensing units made from two layers of force-sensitive resistors separated by
a dielectric material. Normal and shear force experiments are presented, but
no calibration, range of operation or other characteristics are discussed. The
sensing elements are very compact, which means that 16 units can be
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FIGURE 1.4: Piezoresistive-based force/torque sensors.
(a) Waseda University’s WENDY robot sensors. Picture
from [29]. (b) Sensor with electronics from DLR-HIT Hand II.
Picture from [31].
packed together in a 5× 5 mm area and this allows for direct mounting on a
flexible substrate. However, the manufacturing process of the sensor is time
consuming and the necessary electronics, complex. Image recognition
algorithms are used to detect shear forces, increasing the latency of the
measurements and the complexity of the overall system. Due to these facts,
expansion into networks to cover large surfaces seems difficult.
See Figure 1.6 for references to these works.
A usual problem for these types of sensor technologies is the voluminous
electronics associated with digitizing and filtering the analog signal coming
from the sensors. In most cases, the processing electronics cannot be located
on end-effectors or close to the skin, and they need to be mounted on other
parts of the robots. This is a drawback of special importance for the analog
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FIGURE 1.5: Piezoresistive-based force/torque sensors.
(a/b) Waseda University’s TWENDY-ONE robot sensors in
hand and body, respectively. Picture from [34]. (c) Miniature
load cell arrays in Robonaut 2 phalanges. Picture from [36]
and [35].
signal from the sensors that is susceptible to electromagnetic noise.
1.2.2.2 Optical-based Sensors
Optical-based sensors can be categorized into two groups: (I) Those that use
the visible spectrum of light, usually employing cameras, and (II) Those that
use other types of photoreceptors to measure the light intensity or time
traveled by the emitted light (usually referred to as ’time of flight’ sensors).
Group (I) uses cameras to observe deformation in a flexible material that
covers the sensor and that is in contact with external forces. Resembling
other technologies, these transducers convert mechanical deformation into
force vectors. Examples of this type are [42]–[46]. The main advantage of
these sensors is the high spatial density that can be achieved, which is
beneficial for detailed manipulation tasks. Notably, being the newest and
most compact addition to the group, the work of [46] presents a complete
open source solution that includes full mechanical and software
implementations. Pictures of these sensors can be found in Figure 1.7.
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FIGURE 1.6: Piezoresistive-based small-sized sensors. (a) Array
with four miniature 3-axis sensors. Picture from [37].
(b) Miniature triaxial tactile single sensor. Picture from [39].
(c) Array of single-axis piezoresistive sensors. Picture from [38].
(d) Array of 3-axis compact force sensors made from
two force-sensitive resistors layers separated by a dielectric
material. Picture from [41].
Group (II) measures light intensity or other characteristics. This type of
sensors can be developed in more compact packages, but cannot achieve the
same high sensing density or resolution of group (I).
A concept for a 3-axis sensor with a small footprint for distributed sensing
was introduced in the works of [47].
Other sensors included in this group are those embedded into grippers
and used as proximity sensors, like the works of [48]–[50]. They use time-
of-flight and infrared light sensors enclosed in clear silicone covers. Using a
single type of sensor, this composition can sense in two modalities: proximity
and force. Likewise, the commendable works of [51] present a multimodal
robot skin sensor that includes proximity detection in each module. Pictures
of these research projects can be found in Figure 1.8.
Optical-based sensors present challenges during calibration due to
sudden changes in lighting conditions or variations in reflectivity indexes of
objects among other causes. Furthermore, this type of sensors often require
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FIGURE 1.7: Camera-based, Group (I), optical tactile sensors in
chronological order of development from (a) to (d). (a) Concept
from Tokyo University, 2014. Pictures from [42]. (b) GelSight
from MIT. Pictures from [43] and [44], published in 2015 and
2017, respectively. (c) GelSlim, also from MIT, slimmer version
of (b) with similar concept, 2018. (d) Most recent example,
compact sensor called ’Digit’ developed by Facebook company,
published in 2020.
bulky electronics (analog-to-digital converters, etc.), fragile optical
components and a minimum distance for proper operation (related to the
focal point). Therefore, the integration of such sensors in high numbers on a
robot is a challenging task. Most importantly for group (I), the elastomer
that covers the sensor needs to be completely transparent and maintain all
deformation characteristics throughout the life of the sensor. Furthermore,
some of these sensors cannot operate in environments that are not clean,
which would not always be a realistic situation for industrial scenarios.
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FIGURE 1.8: Group (II), optical-based tactile sensors. (a) One
of the initial concepts, from Tokyo University, 2002. Picture
from [47]. (b,c,d) Optical sensors with similar characteristics
and transparent cover. The pictures are taken from [48], [49]
and [50], respectively.
1.2.2.3 Pressure-Sensitive Rubber-based Sensors
A compliant skin sensor can be manufactured with pressure-sensitive
conductive rubber. These special rubbers usually contain dispersed carbon
or other electricity-conductive particles in the rubber matrix. The foam
presents high resistivity when not pressed, and becomes conductive as
pressure is applied. When combined with the inherently compliant
characteristic of an elastic material, the feasibility for its use in skin sensors
becomes apparent. The works of [52], [53] represent examples of this
technology; please see Figure 1.9. The former proposes a dome-structure
with sections of circuits that allow triaxial force sensing, while the latter
shows a thin, flexible, pressure-sensitive conductive rubber layer with
stitched electrical wires for single axis measurements.
Similar to other resistance/voltage sensing principles, these sensors
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require precise electronic drivers, which could prove a limitation for large
networks of sensor modules.
FIGURE 1.9: Related sensors based on pressure-sensitive rubber
technology. (a) Pictures from [52] show the dome structure
and the underlying circuits. (b) Pictures from [53] show the
thin layer of flexible rubber with cables and its application on a
robot hand.
1.2.2.4 Hall Effect-based Sensors
Several studies have been published employing Hall effect-based tactile
sensors; for example, in [54]–[56]. The works of [54], [55] present a
single-axis tactile sensor integrated into the distal phalanx of a robot finger.
A 3-axis sensor with digital output was proposed in [57]. Similarly, in [58],
[59], a permanent magnet was inserted in a dome-shaped flexible material
on top of four Hall effect sensors. A comparable approach was suggested in
the works of [56] presenting a small, fully characterized 3-axis tactile sensor
with digital output. These works offer good examples of small-sized sensors
of the MTS group. Despite being sensitive and compact, no solution includes
proximity sensing features or any other sensing modality apart from contact
force. Pictures of these sensors can be found in Figure 1.10.
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FIGURE 1.10: Hall effect-based sensors. (a) Triaxial dome-
shaped flexible cover with four Hall effect sensors. Picture
from [59]. (b) Compact 3-axis sensor with digital output.
Picture from [57]. (c) Array of 3-axis sensors with flexible
silicone cover. Picture from [56]. (d) Single-axis sensor with
silicone cover and air gap. Picture from [54].
The main advantage of Hall effect-based sensors is the fact that
micro-electromechanical (MEMs) technology has made them available in
very compact packages. For example, the Melexis MLX90393, used in [56], is
only 3× 3 mm, approximately, and directly provides digital output.
Most frequently, these sensors rely on a permanent magnet as the source
of a magnetic field. The sensor module presented in this thesis employs a
small geomagnetic sensor based on the Hall effect principle. However, unlike
other examples, the magnetic field of this work can be controlled.
1.2.2.5 Capacitive-based Sensors
Capacitive sensors have been widely used in robotic skin for force or
proximity sensing modalities. However, similar to previously discussed
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technologies, the construction of a multi-axis capacitive sensor is
challenging.
A 3-axis sensor with a flat form-factor was developed in [60], [61]. Similar
to the aforementioned [52], in the works of [9], [62], a dome-shaped structure
was used on top of a matrix of four sensors. This arrangement allows for
shear force sensing, but only within a range of 0− 1N. See Figure 1.11 for
pictures of these sensors.
FIGURE 1.11: Related flat sensors based on capacitive sensing.
(a) & (b) Flat 3-axis capacitive sensors. Processing electronics
not included. (c) & (d) Small bumps and dome-shaped
structures used to detect 3-axis forces. The pictures are taken
from [60], [61], [62] and [9], respectively.
The wide availability of small-sized analog-to-digital converter
microchips for capacitance is another advantage of this technology. Several
projects have been using this type of device, a good example of which is the
skin on the iCub humanoid robot [63], [64]. The iCub skin measures force in
a single axis but has been implemented in large surfaces of the robot like
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forearms, chest and legs. The same chip is used to develop a triaxial
capacitive sensor with digital output and shielding, presented in [65], [66].
Beryllium copper plates are used in the sensor to reduce hysteresis of the
top electrode of the capacitive sensors. Each sensor is 32× 25× 7 mm and of
complex manufacture, thus rendering them quite impractical for a large
distributed skin. In addition, due to the non-linear properties of the solid
silicone blocks that embed the sensors, the calibration procedure is arduous
and the solution provides a single sensing modality.
The authors of [67], [68] have developed arrays of flexible sensors with
a polydimethylsiloxane polymer. The array measures 18× 18 mm including
64 triaxial taxels. However, the measurement range of each tactile unit is just
0− 20mN of force.
Similar beryllium copper plates from [65] are used in the previously
mentioned Hex-O-Skin modules of [51], [69]. Each Hex-O-Skin module can
measure temperature, proximity, 3-axis acceleration, and 3 independent
normal force locations within the sensor. However, no tangential force can
be measured on the modules. Pictures from some of these sensors can be
found in Figure 1.12.
Although capacitive sensors can be robust against overloads and
provide fast measurements—in the order of kHz—a significant challenge is
the stability of the electrical connection of the electrode that is located on the
top layer of the sensor (on the surface or underneath a flexible material)
used as the secondary capacitor plate. Another difficulty is the capacitive
shielding to try to minimize the effects of stray capacitance in the sensors.
1.2.2.6 Multimodality & Large-Scale Sensor Networks
This section will point out two features that are related to the sensor module
presented in this thesis: multimodality and distributed large-scale sensor
networks.
The studies of [70], [71] presented sensor modules with capacitive force
and proximity sensing. The sensors were probably designed for the ETS
sensor group, to work as robotic skin. The modules use two different modes
of capacitive sensing: mutual-capacitance for normal force measurements
and self-capacitance for object proximity sensing. The number of pads used
to sense proximity can be adjusted during operation and provides good
flexibility to the module. Even though a single type of sensor is employed
for both sensing modalities, only a single axis of force (the normal one) can
be measured. Furthermore, no information is provided regarding the
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FIGURE 1.12: Related sensors based on capacitive sensing.
(a) Flat single-axis capacitive sensors of iCub. Clusters of
sensors in triangles that can be mounted on curved surfaces.
Pictures from [63], [64]. (b) Triaxial sensor with tilted
transducers inside silicone. Render of sensor and pictures of
the manufacturing process. Pictures from [65]. (c) Hex-O-Skin
multimodal modules interconnected and details for a single
module. Pictures taken from [69].
isolating foam material used for construction. While the developments for
this module are commendable, the implementation of a larger network that
interconnects them could prove impractical if the size of each
unit—40 × 40 × 10 mm—and all the needed electronics to process the
signals are to be considered.
My sensor module also features not only these two sensing modalities but
also accelerometer, gyroscope, temperature, and the all important magnetic-
based force data. All features in a comparably compact package.
The research of [72] is one of the few works that focus on large robot skins.
It presents the skin of the iCub robot, which is an array based on capacitive
sensors that can be mounted on even on curved surfaces. However, the skin
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only provides a single mode: normal force sensing. The works shown in [69],
[73], [74] consist of sensor modules that are interconnected to cover larger
surfaces. In my opinion, it is one of the most developed and advanced robot
skins to date. Their works in [51], [74], [75] address several difficulties of a
large-scale skin for robots and presents the interconnection of a remarkably
extended skin with 1260 cells. In addition, each module provides multiple
sensing modalities of proximity, temperature and force, as well as advanced
communication protocols.
Pictures of these works can be found in Figure 1.13 and in the previously
mentioned iCub skin of Figure 1.12 (a).
Although these sensors have achieved multimodality and
interconnection capabilities, they still present two important limitations:
they require small apertures for optical-based proximity sensing, which
means the network cannot be covered, and they can only measure normal
force interactions. The former is a major drawback because the skin surface
cannot be soft and compliant.
1.2.2.7 Summary of Related Work
Tactile sensors provide important information to the robot to safely navigate
and interact with people. Covering large areas of robots with skin sensors is a
requirement for them to properly react to external interactions. Furthermore,
in order to minimize any damage caused by accidental collisions or harmful
interactions, a soft and compliant skin is preferred over a rigid surface.
Having a broad range of operation and high sensitivity is important to
interact with delicate and heavy daily objects. Furthermore, it would be ideal
to have the ability to sense not only 3-axis forces but also other parameters,
such as temperature or distance to an approaching object.
Overall, the current tactile sensor technologies presented in this chapter
lack one or more of the needed features to accomplish a sensor with an ideal
set of attributes.
The next section presents the objectives of this thesis in detail.
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FIGURE 1.13: Sensors on large surfaces. (a) Capacitive sensor
modules. Left: A single module with 4 capacitive pads. Right:
A network of interconnected modules. Pictures from [70], [71].
(b) Multimodal robot skin cells with event-driven notification.
700 skin cells on the TOMM robot (dual arms) and 1260 skin
cells on the H1 robot. Pictures from [75].
1.3 Objectives
From the above-mentioned limitations of the current skin sensors of the ETS
group, I realized there was a need for a sensor with the following
characteristics:
1. Adjustable sensitivity: The sensor should feature adjustable
sensitivity. It needs to be able to work with delicate interactions and
high-force demanding tasks, which means that the sensor unit should
be able to sense a paper clip of a few grams in weight, as well as a 2kg
water bottle. To accomplish this, the sensor needs to have both high
sensitivity and a broad operating range. This is difficult to accomplish
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because, in most cases, sensitivity and range operate in a trade-off
situation: higher sensitivity with narrower operating band or
vice-versa. Therefore, my approach to accomplishing the task of
working with small and large forces is to actively adjust the sensitivity
of the sensor during operation. In this situation, if the skin needs to
interact with very small forces (like when manipulating fragile objects)
the sensitivity will be set to a high value, to feel the small variations in
force. Conversely, if the sensor is interacting with heavy objects for
which large force values are required, the sensitivity will be set low,
favoring a wider operating range. Naturally, it is crucial that the
adjustment of sensitivity can be done without disassembling,
powering off or re-calibrating the sensor, as any of these actions will
greatly limit its usability and convenience.
2. Tri-axial measurements: The sensor should include 3-axis sensing.
Most skin sensors can measure a single axis of force. Nevertheless,
having the ability to detect tri-axial force is beneficial in several ways,
such as when interacting with objects with changing mass, for
detecting slippage or collision of objects during manipulation and for
impedance control.
3. Coverage of large surfaces: The sensor should offer the ability to
cover large surfaces with sensor modules and provide tactile
information. A step forward towards accomplishing the dream of a
service robot that can operate in unstructured environments is
addressing the need for sensing on the entire surface of the robot (like
humans). This will greatly improve the safety of the machine.
4. Multimodality sensing: The sensor needs to be multimodal. As with
human skin, which can sense force in different interaction modes
(impact, constant pressure, shear and normal), a robot skin sensor
would benefit from the ability to sense more than one magnitude of
interaction. If the sensor could not only feel force (after contact) but
also sense an approaching object or other material properties before
contact, it would prove very useful in avoiding a collision or
minimizing damage, as well as for other advanced forms of
human-robot interaction (i.e., detecting human intention, etc.)
5. Complete coverage with soft material: The sensor should offer the
possibility to be entirely covered with a soft and flexible material. It
20 Chapter 1. Introduction
would be convenient for the robustness of the sensor and for safety
purposes during interaction with other objects or living things if the
sensor network could be completely covered with some soft material
without the need for interstices or gaps. Therefore, compliance of the
outer layer of the skin is necessary.
Therefore, this thesis proposes a way to manufacture a compact,
distributed, sensitivity adjustable 3-axis skin sensor to be used in robot skins
and cover large areas. Moreover, it presents several characteristics of the
sensor modules and possible interconnection strategies.
1.4 Novel Contributions
In order to address most of the difficulties presented in this chapter, I have
developed a skin sensor module. The novelty elements of my sensor are the
possibility to adjust the sensitivity during operation of 3-axis
force-measurements, to detect the proximity of an object to the sensor and
the interconnection capabilities that the modular design offers which allows
the formation of sensor networks to cover large surfaces. Furthermore, the
entire interconnected sensors mesh can be completely covered with a
flexible and soft material to add compliance to the robot, without disabling
any of the sensing modalities.
The sensor module is a layered assembly. The bottom layer includes a
magnetic sensor (from now on referred to as ‘Sensor Board’). On top of it, a
layer of flexible and soft material is fixed (referred to as ‘Middle Layer’).
Finally, on top of the flexible layer, a small electromagnet is placed (referred
to as ‘Coil Board’). In a nutshell, the concept of operation is the following:
when external forces become in contact with the sensor, the Middle Layer is
deformed by the interaction and changes the position of the magnetic field
induced by the Coil Board. This spatial displacement of the magnetic field is
measured in three axes by the Sensor Board. Calibration procedures can then
transform the measured magnitudes into force vectors. Additionally, the
Sensor Board includes a layer of conductive material connected to a
capacitive sensing circuit, acting as a proximity sensor that allows to
perceive the approach of objects. The outermost layer, the Coil Board, can be
entirely covered with a soft layer of material to increase the compliance of
the skin without hindering the magnetic or capacitive sensing principles
employed within the sensor module.
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Even though the principle of using the change of position of a magnetic
field to measure force is not new, in the case of my sensor the fact that the
magnetic field is generated by an electromagnet is novel and crucial. By
changing the strength of the magnetic field that the Coil Board generates, the
intensity of the field changes and the Sensor Board can measure a broader
band of forces. Interactions with delicate (soft or light) objects will deform
the Middle Layer only by a small fraction; in this context, the intensity of the
magnetic field should be set to ’High’ in order for the Sensor Board to detect
a significant change in the magnetic field. Inversely, if the sensor is in
contact with a heavy object, the deformation of the Middle Layer can be
expected to be large; in this case, the intensity of the magnetic field can be
decreased so greater deformations in the flexible material do not saturate
the measurements of the Sensor Board.
Most importantly, unlike other gain-based methods to adjust a
measuring magnitude of a sensor, the adjustments of my sensor are directly
applied at the core property being sensed. As a result of this, no added noise
is injected into or amplified along with the signal readings. Another
important advantage of the adjustable magnetic field is that it can be turned
off. This has significant implications because external magnetic fields can be
recognized and accounted for, including the Earth’s magnetic field or an
approaching magnetic object. This is usually not the case for other sensors
that use magnetic-based technology, and it is, arguably, a compelling
disadvantage.
No other implementation of a skin module for robots has, to the best of
my knowledge, integrated all these characteristics in a compact package.
1.5 Thesis Outline
This section provides a synopsis for each chapter of the thesis.
1.5.1 Chapter 2
In Chapter 2, I present the results of my visit to Istituto Italiano di
Tecnologia in Genoa, Italy. During this visit, I worked on the integration of
small 3-axis tactile sensors developed in our laboratory (Sugano Laboratory,
Waseda University). In this chapter, I share details of the design of an
adapter that fits into the iCub fingertip without the need for any
modification to the robot. Two experiments were performed to prove the
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expanded capabilities of the 3-axis sensors. The first one is the detection of
small weight changes in an object employing only shear force sensing. The
second experiment is to estimate the weight of an object before picking it
up, by pushing it some centimeters across a tabletop. Towards the end of the
visit I reflected upon the limitations on these sensors, that focus on
manipulation tasks, and on how difficult it would be to employ them in
extended robot skin networks. Therefore, the conclusions were crucial for
pivoting the objective of the thesis into the development of a new skin
sensor module to be used in large surfaces with multimodal capabilities.
1.5.2 Chapter 3
In Chapter 3, the first implementation of the sensor module concept is
presented. The idea is to use a Hall effect magnetic sensor included in a
chip—along with other components like a microcontroller and an inertial
measuring unit—to sense the changes in the position of an electromagnet.
Because the current on the electromagnet can be controlled, the generated
magnetic field strength can be modified during operation. This first design
includes an embedded flat coil into a printed circuit board (PCB) and an
open-cell foam as deformable material between the coil and the magnetic
sensor. By the end of the chapter, experiments are presented, displaying the
sensitivity-adjustable feature of the sensor both for normal and shear forces.
1.5.3 Chapter 4
In Chapter 4, several redesigns and implementations of the sensor are
presented. Considering the prototype of the previous chapter as First
Generation, details on four additional generations are provided in this
chapter. Each iteration focuses on solving the problems of the previous
iteration. Experiments support the incremental enhancements in each
Generation. Finally, the 4th Generation of the sensor is 1/4 the size of the
original design, utilizes 1/3 of the power that the coil from the original
version required and features two extra sensing modalities based on
capacitive technology.
1.5.4 Chapter 5
In Chapter 5, six different calibration methods for the sensors are evaluated.
After choosing the best fit, several characteristics of the sensor module (4th
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Generation) are studied: hysteresis, signal-to-noise ratio, adjustability curves,
minimum and maximum detectable forces, sensitivity, resolution, accuracy,
response time and linearity.
1.5.5 Chapter 6
Chapter 6 presents details of the two sensing modalities that are based on
capacitive sensing and that were introduced in Chapter 4. These modalities
are proximity sensing and normal force sensing. Both modalities use the
same capacitive circuit and a stripe of conductive tape as a capacitive pad.
The capacitive sensing can be done with an external circuit or with the
circuit embedded into the Sensor Board. The benefits from both options are
explained but the experiments focused on the first case. Finally, several
possible network topologies supported by the module are offered.
1.5.6 Chapter 7
Chapter 7 draws conclusions, details the limitations of the sensor module
and offers possible future works. The limitations include the moderate
amperage value needed to power the coil (500mA at maximum sensitivity),
constraints in the current calibration procedure and the need for the
reduction of non-linearity and hysteresis profiles. Several solutions for these
limitations are presented throughout the thesis, but some experiments
remain as future works.
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Chapter 2
Tactile Sensing in iCub Fingertips
Most living beings count on some form of tactile sensory system to engage
with their surroundings. Humans, for example, use it to gather direct,
precise and local information during interactions with objects. It has been
demonstrated that without tactile information even simple manipulation
tasks would require several trials to accomplish them or are, altogether,
impossible to achieve [11]. Therefore, the sense of touch is fundamental for
object manipulation and grasping.
As it would be expected, for robots, tactile data is also essential. For
instance, it may be used for the active exploration of an object or to adjust
the grip. Additionally, tactile sensors offer details on objects, such as texture,
slipperiness or weight, that are impossible or, at least, very difficult to obtain
with other types of sensors [76]. Moreover, tactile sensors in direct contact
with objects generate richer information than sensors located in motors or
near joints [13]. Tactile information is specifically crucial for humanoid
robots if they are to operate in unstructured and dynamic environments and
frequently interact with humans.
Despite its importance, integrating tactile sensors into fingertips is still a
challenging task. Particularly, in the case of soft, distributed, and 3-axis
sensors. This is mostly due to the compact fingers of humanoid robots that
are often packed with actuation mechanisms and offer very limited space to
integrate sensors. Another desirable trait is for tactile sensors to require
minimal wiring, in order to reduce the amount of space needed and avoid
hindering movement of the joints. To make the sensors robust against
electromagnetic noise or other interference, having digital output directly
from the sensor would be beneficial. Consequently, this would also reduce
the overall footprint of the system because no analog-to-digital converters
or amplifiers would be required.
At Waseda University, the Sugano Laboratory has been working on
’uSkin’ [77], which is a sensor unit that covers most of the aforementioned
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FIGURE 2.1: The iCub with new sensitive 3-axis fingertips
mounted on the right hand.
requirements. Until now, uSkin has been manufactured and used in a
rectangular 4 × 4 array of sensors measuring 21.3 × 26 × 5.85 mm [56].
Although this form factor was compact enough to be included in the hand
palm base of the iCub [56] and in the Allegro hand phalanges [77]–[79] the
sensors were too voluminous to fit in the small fingertips of the iCub robot;
therefore, a new and smaller form-factor had to be designed.
Consequently, the objective set for this work was to develop and integrate
a size-reduced sensor that could be used in the fingertips of iCub and that
could provide high-sensitivity triaxial tactile data for the robot.
This chapter presents the design, implementation and tests of custom
adapters with embedded sensors for the iCub fingertips that can be easily
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attached and detached (see Figure 2.1). The solution is simple to
manufacture and can be easily connected on any iCub robot with no need of
significant modifications. As such, this work can have a positive and strong
impact on the iCub users community.
The rest of this chapter is organized as follows. First, Section 2.1 presents
a brief recount of previous iterations of the tactile sensors of the iCub robot.
Section 2.2, describes the sensor operating principle, general structure and
assembly process, as well as details on each component layer. Section 2.3
explains integration into the iCub robot, the design of the custom
thimble-like adapter and the software modules that were implemented to
integrate sensors into the iCub framework. In Section 2.4, two experiments
are performed with the new fingertip sensors mounted on the hand of the
robot to test the integration and expanded capabilities they provide.
Towards the end of the chapter, Section 2.5 offers conclusions and discusses
possible future work and, finally, Section 2.6 presents limitations of these
sensors and the motivation for the rest of the thesis.
2.1 Tactile Sensors of the iCub Robot
The iCub humanoid robot [80] is equipped with tactile sensors in its entire
body [64], including its fingertips [81]. The latter, in particular, allow the
iCub to successfully execute several manipulation tasks, such as object
surface reconstruction [82], localization [83], recognition [84], [85], and grasp
stabilization [86].
The current fingertips in the iCub are the evolution of two previous
versions presented in [87], [88]. The old sensors [87] had rectangular
sensitive zones implemented with a normal, non-flexible PCB. In this
version, the sensitive zones were painted with conductive ink on the inner
support and connected to the rigid PCB via wires, making the production
process difficult and prone to errors. In order to fit the small iCub fingertips,
the sensor used measured 14.5× 13 mm and had a round shape to resemble
a human fingertip. A flexible PCB was wrapped around the inner support.
Above the flexible PCB a layer of soft silicone foam was cast, and on top of it
a thin layer of conductive silicone rubber, connected to ground, was placed.
The fingertips incorporated a capacitive pressure sensor system. The
capacitance varies according to the distance of the conductors. The silicone
foam acted as a dielectric while the conductive silicone rubber layer served
as the conductive pads. The flexible PCB included 12 round patches, which
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The proposed fingertip, illustrated in Figure 1, builds on
previous work on the iCub tactile sensing system [3], [4].
The shape of the fingertip is based on the work by Schmitz
et al. [3], which was chosen to make the fingertip compatible
with the existing mounting probe on the iCub hand. We
improve the fingertip design by using a novel dielectric layer
proposed by Maiolino et al. [4]. Typically the dielectric layer
is made of an elastomer covered by a conductive layer. This
complicates the production process considerably and limits
the durability of the sensor due to aging. Moreover, such
systems suffer from higher hysteresis. The new fingertip uses
a three-layer fabric that comprises of a deformable dielectric
layer, a conductive layer and a protective layer. The three-
layer fabric is manufactured using industrial techniques. As a
result the fingertips are consistent, reliable, robust and easier
to manufacture.
The following section gives an overview of existing work.
This is followed in section III with the details of the fingertip
design. Section IV describes the experimental setup. We then,
in section V, present our characterization experiments and
provide the results. We conclude the paper in section VI and
give future directions in section VII.
II. BACKGROUND
To equip robots with human-like dexterity, the past three
decades has seen increased research in the development of
an artificial sense of touch. Great effort has been devoted
to developing tactile sensors that can provide sufficient in-
formation for dextrous manipulation. The literature has pro-
posed various sensing principles based on different physical
phenomena. These include capacitive [5], piezo-resistive [6],
[7], optical [8], [9], [10] and magnetic [11]. Knowledge of all
three components of force plays a crucial role in acquiring
tactile perception. Attempts have been made to build sensors
which can provide all three components of force [9], [11],
[12]. Using human fingers as an inspiration, soft fingers with
randomly distributed receptors at different depths have been
developed [13]. Researchers such as Engel et al. [14], have
taken advantage of microelectromechanical systems (MEMS)
to manufacture tactile sensors with the capability to provide
force and temperature information. MEMS based sensors are
very attractive for use in robotics because of their small size
and capability to provide multiple modes of transduction.
However, their development is in the early stages and their
aplication still require considerable efforts.
Majority of the sensors discussed so far are rigid, that is,
they don’t lend themselves well to applications where the tac-
tile sensors have to be attached to curved surfaces such as the
fingertip of a humanoid robot. Ohmura et al. [10] proposed a
conformable and scalable robot skin system formed by self-
contained modules that can be interconnected. Each module
is made of flexible printed circuit boards (FPPBs) consisting
of photo-reflectors covered by urethane foam. Mukai et al.
[15] have developed a tactile sensor system that uses FPCBs
with a tree-like shape to conform to curved surfaces. Asfour
et al. [16] use skin patches specifically designed for different
body parts of the ARMAR-III robot.
(a) The existing fingertip
(b) The proposed fingertip
Fig. 2. Comarison of the the existing iCub fingertip (Schmitz et al. [3])
and the proposed fingertip. As illustrated the main difference between the
two designs is that, in the new design the silicone foam and the conductive
silicone layers are replaced by a composite three-layer fabric. This increases
the robustness and repeatability of the fingertip.
III. FINGERTIP DESIGN
As described in section I, the new fingertip is an ex-
tension of our previous work on the iCub tactile sensing
system [3], [4]. The shape of the fingertip is based on
the existing iCub fingertip [3]. This makes the fingertip
compatible with the existing mounting probe on the iCub
hand. The novelty of this design is that it replaces the
silicone foam and the conductive silicone with a three-layer
fabric inspired by the one developed for the large scale
tactile sensors on the iCub’s body[4]. Figure 2 illustrates the
difference between the exisiting fingertip (Figure 2(a)) and
the proposed fingertip (Figure 2(b)). The primary difference
between the two designs is that the proposed fingertip
replaces the silicone foam and the conductive silicone layers
with a composite three-layer fabric. The advantage of the
compiste material is that the new finger is more robust,
repeatable and easier to manufacture.
As illustrated in Figure 1, the overall shape of the fin-
ger mimics the shape of a human finger. The fingertip is
14.5mm long, 13mm wide. The fingertip assembly com-
prises 5 layers (see Figure 1(a)). The inner support is made of
plastic. The inner support is attached to the finger of the robot
through a mounting probe. The flexible PCB (Figure 1(b))
is wrapped around the inner support (Figure 1(c)), the 12
sensors are deployed on locally flat planes that are cut on
the inner support. The PCB hosts the chip that performs
capacitance to digital conversion (CDC). A plastic surface of
1 mm works as a mechanical interface: it has an inner shape
that conforms to the PCB and a rounded external shape on
which the three-layer fabric can be easily glued. The outer
shell of the sensor is made up of a three-layer, sandwich-
like, assembly that incorporates: a deformable neoprene
layer, a conductive textile material (lycra) and a protective
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FIGURE 2.2: Current version of iCub tactile sensors.
represented the conductive parts for 12 capacitors. When pressure was
applied to the surface of the fingertip, the foam was compressed and 12
measurements of capacitance were produced. These values were then used
to calculate the pressure applied to the sensor.
The current version of the sensors mounted on the iCub, described
in [81], replaces the silicone foam and the conductive silicone with a
three-layer fabric, inspired by the one developed for the large-scale tactile
sensors on the iCub body [64]. Figure 2.2 shows the sensors currently
installed on the iCub. In particular, the three layers incorporate a
d formable neoprene layer, a conductive textile mate ial (lycra), which is
connected to ground, and a top protective textile layer. These modifications
in the design facilitated the production process because the three-layer
fabric is manufactured using industrial techniques. This, in turn, resulted in
more consistent, reliable and robust fingertip sensors. However, the current
capacitive sensors have a limited resolution of 8-bit (range of 0-255 digits)
and, most importantly, only provide normal force sensing capabilities.
To solve this problem, I implemented a Hall effect-based force sensing
approach. The idea of using Hall effect-based skin sensing was introduced
in [89] and [90]. In recent years, small-siz d, digital 3-axis Hall effect sensors
have become available. One example is the chip MLX90393, from Melexis,
which is 3× 3× 1 mm in size, has a 16-bit resolution and 4-bit I2C addresses
in total that can be connected directly to a microcontroller. Using this chip,
Sug no Lab ratory successfully d veloped uSkin, a compact, distributed 3-
axis Hall effect-based skin sensor [77], [78]. A 4× 4 sensors version of uSkin
was integrated for the first time on the iCub hand in [56]. However, due to
the size of that version of the sensor, it could only be mounted on the palm
area, which only allowed to perform simple tactile exploration tasks.
The signifi a ce of this r search compared to previous works (especially
Hall effect-based) is that [54], [55] show that the sensor can be incorporated
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into a robot hand but measure only 1 axis; [57] proposes a 3D sensor, but
it was not used for distributed sensing; sensors presented in [59], [91] have
been successfully applied to real robotic scenarios, but the proposed design—
with a rubber dome and four Hall effect sensors—imposes restrictions on
the minimum size of each sensor. The work in [92] proposed 3-axis sensing
but only one sensor per finger phalange was implemented. Finally, in [93] a
similar design of the single module version of uSkin is presented. However,
taking into consideration the dimensions of the manufactured sensor—12×
12× 8 mm—it was not possible to integrate it into the fingertips of the iCub.
Furthermore, the chosen communication protocol (SPI) requires more cables,
which could hinder the movement of the fingertips, and the Arduino control
board presents limitations for the integration into the iCub current software
framework.
2.2 Sensor Details
As previously mentioned, in this chapter I present a smaller version of the
uSkin sensor. The 4 × 4 version of uSkin is made of 16 3-axis Hall effect
sensors that connect through I2C protocol to a microcontroller, named
MTB [72], [84], developed at Istituto Italiano di Tecnologia (IIT). The active
sensor integrated circuit used is an MLX90393 chip from Melexis, which
provides digital output for 3-axis magnetic readings with a range of 0 to
65535 (16-bit) per axis. A smaller module with only 1 sensor, measuring
6 × 6 × 3.8 mm was employed. A render of the sensor is presented in
Figure 2.3. The new design resulted in a sensor reduced in size, suitable to
incorporate two sensing units per fingertip of the iCub. Details about sensor
structure, assembly and sensing principle follow.
The sensor is a layered assembly of four components. Figure 2.4 shows
an exploded view of the sensor module with references in all layers.
Describing the layers from bottom to top:
1. PCB board: The bottom layer is a 6× 6 mm custom-designed PCB that
contains the MLX90393 chip with all the essential passive components
for operation, and four connection points for I2C communication (VCC,
SDA, SCL & GND).
2. Silicone cover: On top of the PCB, a single silicone piece from uSkin is
mounted with silicone glue. The material used for this part is Dragon
Skin 30, from Smooth-On. This material proved easier to mold and to
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FIGURE 2.3: Render of a single sensor with dimensions.
have a better performance regarding hysteresis. For specifications on
materials, please refer to Table 2.1. A significant feature of this piece is
the hollow cavity designed with a dome-like structure. The advantages
of this design have already been discussed in [56]. Check Figure 2.5 for
a section view of the silicone cover with the hollow cavity.
3. Neodymium magnet: A small and strong neodymium magnet is placed
in a hole molded at the top of the silicone cover and sealed with silicone
glue. The magnets utilized are grade N50 with dimensions of 1.59mm in
diameter and 0.53mm in thickness. These neodymium magnets provide
a pull of 226.8g and 729 surface gauss.
4. Textile cover: Finally, the top layer is a flexible textile cover used to
prevent the magnet and silicone part from going into direct contact
with objects. For this sensor, I use grip tape GM641, by 3M, manually
cut in a shape that covers the entire fingertip adapter of the iCub
(described in the following section). The adhesive in this soft
elastomer tape facilitates the mounting of the cover on the sensor and
provides good friction transmission to the underlying silicone part. It
also helps protect the subsequent layers of the sensor.
The sensing principle of the sensor is simple: when the silicone part that
holds the magnet is deformed by external forces, the displacement causes a
spacial change in the magnetic field. This change is sensed by the MLX90393
chip, which generates an output read for values of X, Y and Z of the magnetic
field.
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FIGURE 2.4: Exploded view of sensor module (Note: The
silicone part is transparent; however, in all figures it is
presented in yellow color for better visualization).
For this work, I implemented several enhancements in the MTB
microcontroller firmware, which improved the reading speed to
approximately 275Hz (in comparison with the 100Hz achieved in previous
works like [56]). The main modification was the optimization of the CAN
bus messaging system.
It should be noted that in this work, each sensor has four connections that
are later merged into a common bus before reaching the MTB controller. In
practice, the two sensor modules on each fingertip could be interconnected
and only 4 wires per fingertip would be needed.
The manipulation of small ferromagnetic objects could pose a challenge
to these sensors. Initial test results show that an object with a maximum
weight of roughly 0.3g would remain in contact with the magnet of the
sensor module. However, any object with a higher weight does not seem to
experience a perceptible force from the magnet. Another potential challenge
would be strong external magnetic fields near the sensor module. One
strategy to solve this problem could be using one sensor (without the
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FIGURE 2.5: Layers of complete sensor module with reference
frame.
TABLE 2.1: Dragon Skin 30 specifications
Element Value Unit
Mixed Viscosity 20,000 cps
Specific Gravity 1.08 g/cc
Specific Volume 25.7 cu.in./lb.
Shore A Hardness 30 A
Tensile Strength 500 psi
Elongation at Break % 364 %
silicone and magnet) only to detect any external magnetic fields and
produce an offset or other compensation approach for the rest of the sensors.
2.3 Integration into iCub
The current section elaborates on the integration of the presented sensors
onto the iCub robot fingertips. For the integration, some requirements were
set:
1. The original iCub fingertips, cables and controllers cannot be modified,
damaged or replaced.
2. As many sensors as possible should be included in each fingertip.
3. For ease of use and maintenance purposes, the sensors should be
quickly and easily attachable and detachable.
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FIGURE 2.6: Placement of sensors in fingertip. Labels for
sensors 1 and 2.
4. Obstruction of movement of the robot fingers should be minimized,
especially during manipulation tasks like grasping, when the fingers
come close together.
2.3.1 Adapters Design and Assembly
To allow an easy mounting and dismounting of the sensors, I opted for a
thimble-like design. The thimble-like adapters (from now on referred to as
’adapters’) are to be placed in the distal phalanges of the fingers of the iCub.
This design allows the sensors to be attached and detached to all fingertips
in order to run experiments. By mounting adapters on the original
fingertips, modifications to the existing hardware were avoided. Taking into
consideration the dimensions of a single sensor unit and the size of the iCub
fingertips, a maximum of two sensors is the ideal number to fit on each
fingertip with the current design. For the positioning of the two sensors,
angles that follow the curvature of the existing fingertip were selected,
resulting in approximately 6◦ and 49◦ of mounting inclination, as shown in
Figure 2.6.
Visual inspection results obtained through grasping experiments
performed on several objects from the YCB benchmark revealed that these
placements usually put the sensors in contact with the object and good
reading values are to be expected.
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Aiming for a simple sensor system integration, the adapters were
designed to minimize protrusion so that the originally intended
anthropomorphic design of the iCub’s fingers was not compromised.
Accordingly, the frontal and the lateral sides of the adapter were devised to
conform with the iCub’s finger shape and to have a thickness of only 1mm.
The backside allowed the mounting of the adapter using a lock screw. When
the screw is locked, it presses against the iCub’s fingernail, fixing the
adapter onto the robot’s fingertip. Figure 2.7 shows renders of the current
iCub finger with and without the adapters attached. All fingertips of the
iCub have the same dimensions, so only one adapter design was required.
A computer-aided design (CAD) model was created and 3D printed with
photopolymer resin at IIT facilities. Four adapters were produced and 2
sensors were attached with strong glue on each of the prototypes. Finally, as
previously mentioned, a top layer of grip tape was cut by hand to match the
fingertip dimensions and was placed covering the adapters in their entirety.
Figures in 2.8 show the result of the assembly process.
2.3.2 Software Integration
Aiming to integrate the sensors into the software architecture of the iCub
humanoid robot, an intercommunication software module based on the
middleware Yet Another Robot Platform (YARP) [94] was developed. Using
YARP, sensor readings can be made available through a publish/subscribe
mechanism to other software components that control the robot. The
developed software driver directly interfaces with the sensors by way of the
open-source networking stack SocketCAN [95] and exposes the incoming
data using YARP. The transmitted data consists of a vector D of N triplets,
one for each sensor,
D = {(x1, y1, z1), . . . , (xN, yN, zN)}
each triplet being proportional to the magnetic field measured by the
associated sensor.
Once the data is sent over to the network, other client components
performing, for example, data collection or closed-loop control of the
fingertips, can access that information by simply connecting to this port.
There is no need for additional knowledge of the underlying CAN protocol.
It is worth noting that, because YARP offers ROS compatible protocols [96],
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FIGURE 2.7: iCub finger with and without fingertip adapter.
The adapter has been designed to be as compact as possible.
the sensor readings can also be accessed by ROS components. A description
of the communication layout is provided in a scheme in Figure 2.9.
2.4 Experiments
As previously mentioned, the iCub is currently equipped with 12 capacitive
sensors in each fingertip, each with an 8-bit output for single-axis normal
force measurements. Meanwhile, the adapters introduced in the current
chapter include two magnetic sensors per fingertip, each providing 3-axis
readouts with a resolution of 16 bits. These differences make any close
comparison between current and new approaches quite irrelevant. Instead
of a direct comparison, two experiments were performed to prove the
expanded capabilities of the new sensors. These two tasks cannot be
accomplished with the current iCub fingertip sensors.
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FIGURE 2.8: Fingertip adapters with triaxial sensors. (Bottom
right) Sensors with grip tape cover.
FIGURE 2.9: Sensors system integration into YARP
middleware.
As part of the first experiment, the iCub was programmed to lift an empty
plastic cup employing the new fingertips. When the grasping and lifting
movements reached a stable position, 5 coins of a 1 euro cent mark were
manually introduced into the plastic cup. The left side of Figure 2.10 offers a
visual reference of the position of the plastic cup.
Each 1 euro cent coin weighs ≈ 2.3g and the empty cup, ≈ 2g. The
purpose of this test is to establish whether the iCub can perceive small
changes in weight. Since the small changes in weight are expected to
manifest in tangential forces in the fingertips, and the current sensors do not
offer triaxial sensing capabilities, it would be nearly impossible to register
any change from the sensor’s normal axis alone.
Data was collected from the sensors at a rate of 275Hz. After the first ten
seconds, the robot reaches a stable position after completing the execution of
the ’grasp and lift the cup’ command. Data acquisition for the experiment
begins at this point. A baseline value for the sensors is recorded and
averaged for each axis, with the first 20 readings from the sensors with no
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FIGURE 2.10: [Left] Experiment 1: One euro cent coins
weighing approx. 2.3g are dropped in a plastic cup. [Right]
Experiment 2: Object weight estimation after briefly pushing
it across a tabletop. An approximation of the minimum jerk
trajectory is marked with a dashed line between points A and
B.
load. Thereafter, all readout values are calculated with the subtraction of
their respective axes baseline.
The result of this experiment is presented in Figure 2.11. All graphs
provided are based on raw data from all 3-axis readouts completed by the
sensors, with no post-processing or filtering. The three graphs in the first
row represent positions in X, Y and Z of the thumb of the robot, respectively,
using a reference frame fixed on the robot body. Following the same order
of axes, the next two rows correspond to readouts from Sensor 1 and 2,
respectively. Sensor 1 is located closer to the center of the fingertip,
corresponding to the mounting position of 6◦, and Sensor 2 is positioned
near the tip of the finger, with a 49◦ mounting position, as shown in
Figure 2.6.
Sudden peaks in the sensor readings, that have been marked with
orange arrows in the graph, correspond to impact events of the light coins
dropping into the cup. The forces stabilize after a transient response and 10
to 15-digit increments in X axis measurements can be noted. I believe this
corresponds to the additional weight introduced by the coins. However, it
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FIGURE 2.11: Experiment 1 results. One euro cent coins
weighing approx. 2.3g are dropped in a plastic cup. Raw data
from both sensors mounted on the right thumb is displayed.
Small step increases in the output of the X axis of Sensor 1 can
be observed after each coin drop. Each drop event is marked
with a small orange arrow.
cannot be unequivocally quantified until the sensors have been calibrated.
Another expected result is the fact that, even with 16-bit resolution sensors,
the small weight of the coins does not produce any noticeable readings on
the normal axis of the sensors—the Z axis. Therefore, it is possible to
anticipate that the iCub will not be capable of sensing the small added
weights with its existing normal axis capacitive sensors with 8-bit
resolution.
In the second experiment, the robot pushed an object with different
weights across a tabletop using the tip of the right index finger. The aim of
the test was to train the robot to estimate the weight of the object utilizing
solely the triaxial data from the tactile sensors. This could prove useful for a
predictive selection of the best suitable grasping or manipulation strategy
that will be influenced on the object’s weight, among other considerations
like obstacles, affordances, grasping points, etc.
With the intention of achieving natural movements, the iCub movement
control engine focuses on producing trajectories with minimum jerk [97].
This means that even for points that are located at the same height and on
the same plane, the movement trajectory that the iCub generates is not a
straight line in space between these points, but rather a spline of a higher
order—similar to the one indicated in Figure 2.10 between points A to B, in
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the picture. Consequently, for this type of movements, the finger is
necessarily sliding along the body of the object being pushed. The currently
installed sensors in the fingertips of iCub would not able to sense these
tangential forces.
Figure 2.10 shows the mustard container from the YCB manipulation
benchmark set used on this experiment. Training and validation data sets
were acquired by performing the same action with the iCub, moving the
object from point A to point B—a distance of approximately 15cm. The
container was filled with rice weighing: 45g (corresponding to the empty
container’s weight), 100g, 200g, 300g and 500g. Twenty trials were executed
for each weight, to a total of 100 repetitions, to be used as training dataset.
Later, six validation cases with the following weights were acquired: 55g,
65g, 235g, 245g, 470g and 480g. To verify if the system is able to sense small
weight variations, these validation cases were grouped in pairs with 10g of
difference between items. Three repetitions were performed for each
validation case, thus, adding up to 6 cases.
Object weight estimation is an important ability for manipulation.
Different grasping strategies are to be expected if an object is regarded to be
too heavy to be lifted with a single arm, for example. Therefore, the
objective of this test was to train the robot to estimate the weight of the
object after pushing it for a few centimeters across a flat surface. The friction
force interaction between the object and the table is a complex physical
phenomenon that depends on the dynamics of the motion as well as on the
properties of the interfacing surfaces. However, I consider that for a simple
weight estimation for objects sliding between smooth surfaces—with
reasonably small dynamic friction force—the parameters will mostly
depend on the weight of the object itself. Therefore, a linear relationship
between the sensor measurements and the weight of the object was
expected. According to this, I chose a computationally efficient multiple
linear regression (MLR) method to train the robot to learn to detect
differences in weight. More sophisticated and computationally expensive
methods—like neural networks—might be better suited for the inclusion of
more complex relations like the robot’s joint dynamics or the tribological
pairing of manipulated objects.
The MLR was implemented in C# using the Accord.Statistics assembly
and the MultipleLinearRegression class included in Accord.NET
Framework [98]. The independent variable chosen for training of the
regression algorithm, was the sensor raw data, the time-series vectors with
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FIGURE 2.12: Experiment 2 results. Validation cases and
predicted values of linear regression.
two 3-axis measurements corresponding to both sensor units on the
fingertip. The robot performed 20 repetitions for each weight, adding to a
total of 100 trials. Each trial contains approximately 8 seconds of data. The
training samples were obtained by compiling all 6 readings from the
sensors–two 3-axis sensors—for the complete duration of the test. The result
was a vector of 12768 elements for each trial (2128 time steps × 6 data axes).
The regression target was the weight of the object being pushed. The
regression training calculations were performed with the raw triaxial data in
digits, with no pre-processing or filtering, from both sensors from the index
finger of the robot. The first 20 readings of each axis were collected and used
as a baseline value to offset subsequent readings and normalize the output.
Results in Figure 2.12 show some validation cases tried on the trained
system. Six validations cases with 3 repetitions each were used for these
results. The average value of all the repetitions has been marked with an ’×’
in the graph. Three prediction groups can be identified on the figure.
Nevertheless, the prediction system is not able to discern between the items
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of a validation set with 10g of weight difference from each other. The
predictions, however, fall near the input weights with an accuracy of
approximately 75 − 90% from the real object weight. Transient periods in
the data could be a possible explanation for the origin of these inaccuracies.
It is possible that, for instance, the transition between dynamic and static
friction or stick-slip events could produce similar magnitudes or signal
shapes than those of the objects in the experiment. Said regions would be
difficult to detect, compensate or filter without more complex data
processing.
2.5 Conclusions
This chapter introduced the design and implementation of a thimble-like
fingertip adapter for the iCub robot with two triaxial sensors per unit. Four
prototypes were manufactured and fully integrated to the fingers of the
iCub. The integration process focused not only on the design of a system
that will allow an easy mounting of the sensors but also on the necessary
YARP software interface, the middleware that operates the robot.
To validate the integration of the sensor units, two experiments were
performed with tasks that would have been impossible to achieve with the
current single-axis sensors of the iCub’s fingertips. First, the robot picked up
a plastic cup into which 1 euro cent coins were dropped (each coin weighing
around 2g). It was confirmed that the robot could sense the small shear
forces of the added weight difference produced by the coins. In the second
experiment, the robot was trained to estimate the weight of an object before
picking it up by slightly pushing the object across a tabletop while sensing
normal and shear forces. The results from this second experiment showed
that the weight of the pushed object could be estimated with an
approximately ±15− 25% of error from the real weight.
Results from these experiments proved the expanded capabilities that 3-
axis tactile measurement would offer to the robot in contrast with the current
single-axis solution.
Future works would include testing the sensor module to identify its
characteristics and implementing a more comprehensive strategy to take
advantage of the tangential force sensing for object manipulation. The
design and implementation of a new fingertip that can incorporate a higher
number of triaxial sensors to completely replace the finger phalange of the
robot should be possible and interesting. Lastly, different strategies should
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be studied to use the sensors’ information to improve the manipulation
capabilities of the iCub.
2.6 Sensor Limitations
Although satisfactory, the results of this chapter prompted personal insights
that significantly shifted my ideas regarding tactile sensors and object
manipulation.
Important limitations are set by the hardware of the robot itself, for
example, inaccuracies derived from driving belts included in motor
assemblies or tendon-driven mechanisms. Control algorithms may also lack
accuracy or produce overshoots in unexpected situations. While control
methods can be modified and enhanced, the constraints based on the
construction of the robot are not easy to correct without an important
redesign of the whole system.
Furthermore, the results of this chapter showed the limitations of the
sensors as well. Two main limiting factors came to my attention: saturation
and covering large surfaces. The sensors used in this chapter saturate when
in contact with forces slightly over 10N (for normal interactions; shear
interactions offering even smaller maximum sensing rates). Therefore,
several daily objects of <1kg in mass would not be able to be manipulated
by the sensor. For example, a robot using these sensors might not be able to
handle a bottle of water or carbonated drink of 1.5 liters or a medium-size
pot with food for a family. Unwanted interactions, like collisions with other
objects, also can easily generate forces higher than the saturation values
(depending on the robot and object respective mass, the velocity of
movement and several other aspects). The other limiting factor is the
possibility to cover large areas with sensors like the ones used in this
chapter. Their small size makes them ideal for manipulation tasks, but
might not be ideal for covering extended surfaces. With a very high spatial
resolution, the added interconnections, cabling and managing of the
incoming data could easily overwhelm even advanced controlling units,
while offering input resolution that might not be necessary. In humans,
different parts of the body have very different numbers of
mechanoreceptors [99], [100]; in the least sensitive areas like shoulders,
calves or thighs the resolution can be close to 3− 5cm (studies results vary).
Therefore, I saw the need for a skin sensor that could cover a wider range
of interaction of objects and that could be used to cover larger areas of robots
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with an appropriate spatial resolution. As a result, in the next chapters, I
will describe the design, implementation and testing processes of a sensor
module with these characteristics and additional useful features.
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Sensing tactile forces provides a way to get direct, unobstructed feedback
about interactions that can improve the capabilities of robots to perform in a
variety of scenarios. Ideally, a robot should be able to work with a delicate
object by sensing the soft interactions with it, and at other times it would
need to control and apply larger forces, for example while lifting heavy
objects or working with power tools.
Usually, the sensitivity and range of a sensor are linked
characteristics—i.e., the lower the sensitivity of the device, the higher the
range. In most cases, these characteristics need to be designed and fixed,
resulting in a trade-off relation between range and sensitivity. Sensors with
a non-linear response can address this limitation by offering higher
sensitivity values at low force ranges and less sensitivity at larger force
ranges, but in the end, the sensitivity is also predetermined by the nonlinear
behavior.
Other sensors provide amplification methods on the output signal with
special circuits—for example, load cells. However, the use of said gain
circuit amplifies both the sensor’s output signal and its noise. As a result,
the important signal-to-noise ratio (SNR) cannot be regulated. A smaller
number of sensor prototypes, such as [17], offer the possibility to adjust its
sensitivity by modifying some mechanical properties of the force
transducers; yet, these mechanisms usually add complexity and increase the
footprint of the sensor. In this chapter, I propose a sensor module with an
electromagnet and a 3-axis magnetic sensor as a force sensor with adjustable
sensitivity. By employing an electromagnet, the force of the magnetic field
can be adjusted, resulting in a sensor in which the sensitivity can be
regulated to achieve higher SNRs.
Another frequent condition for tactile sensors is the reduction in the
number of necessary cables to interconnect a large number of distributed
sensors in a skin patch. In [78], [101], colleagues from Sugano Laboratory
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used a small-sized Hall effect sensor chip (3 × 3 × 1 mm) that directly
provides digital output. If a chip includes the necessary analog-to-digital
converter, the digital output signal can be directly connected to a bus (for
example, I2C), decreasing the required wiring and providing robustness
against external and internal electrical noise.
The magnetic fields generated by compact coils present low intensities
in comparison to magnetic fields of permanent magnets. This is the reason
behind the selection of a geomagnetic sensor, which is more susceptible to
slight variations of magnetic fields.
The sensor that currently fits these requirements better is the System on
Chip (SoC) BMF055 from Bosch. This SoC offers not only 3-axis magnetic
measurements with digital output but also features an embedded
microcontroller inside the same microchip, allowing the implementation of
advanced networking logic directly at a module-level. Furthermore, the
chip includes additional useful components: a triaxial gyroscope and a
triaxial accelerometer, which can be used for multimodal skin sensing, such
as collision detection and morphological analysis. The size of the BMF055 is
5.2× 3.8× 1.1 mm. It should be noticed that the size of the chip is a limiting
factor in the reduction of the sensor module size. However, since the
objective of this thesis is to cover large surfaces with robot skin, the size of
the BMF055 would be adequate for this purpose.
Therefore, the aim of the current chapter is the implementation and
concept evaluation of an adjustable 3-axial force sensor module to be used
as robot skin. The rest of the chapter is organized as follows. In Section 3.1, I
describe the general idea and sensor structure. Details of each of the
composing layers, sensing limits, simulations of the induced magnetic field
generated by the coil and temperature ratings for the coil at different current
values are presented in Sections 3.2 and 3.3. Section 3.4 offers details from
the setup for force experiments, along with their results. Towards the end,
Sections 3.5 and 3.6 offer conclusions and discuss limitations of the sensor,
respectively.
3.1 Sensor Concept
Sensing the changes in the position of magnetic fields over time constitutes
the general working principle of the device. The sensor module is a layered
assemble featuring two custom printed circuit boards (PCBs) with specific
purposes, which hereafter are referred to as Coil Board and Sensor Board.
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The Sensor Board was designed to include all the needed active electronic
components of the module for intercommunication and sensing. The main
component on the Sensor Board is the previously mentioned BMF055 chip
from Bosch Sensortech [102], [103] that includes a 3-axis geomagnetic
sensor. The Coil Board includes an embedded flat coil—effectively, an
electromagnet—that creates a variable magnetic field when current passes
through it. The generated magnetic field is then detected by the
geomagnetic sensor inside the BMF055 mounted on the Sensor Board. By
measuring the change in the location and intensity of the magnetic field, it is
possible to calculate the resulting force vector that is being applied onto the
module.
From bottom to top, each sensor module contains the following layers:
1. Sensor Board Layer: The first layer of the module. It contains all the
required sensing electronics. This layer is mounted onto the surface of
a robot (with a 3D-printed plastic placeholder or a similar adapter).
2. Middle Layer: A soft flexible material that is placed between the Coil
Board and the Sensor Board, called Middle Layer. In this first prototype, I
selected an open-cell polymer foam of 3mm in thickness cut in a square
of 30mm sides (TUP 3mm from Toyo Quality One).
3. Coil Board Layer: The board that is fixed on top of the Middle Layer that
generates the adjustable magnetic field that the geomagnetic sensor will
sense.
4. Top Layer: A soft material covering the outermost layer and that is in
direct contact with external interactions. In this first prototype, I
selected a neoprene (CR 2mm from Matec Sozai) patch of 2mm in
thickness cut in a square shape of 30mm by side length, matching the
size of the module.
A diagram of all the layers and pictures of the materials are presented in
Figure 3.1 and Figure 3.2, respectively. I used a thin and strong double-sided
adhesive tape (Nicetack NW-K10, from Nichiban) to fix all layers together.
For more detailed information about Sensor Board and Coil Board design,
please see the next section.
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FIGURE 3.1: Layers of sensor module with references.
FIGURE 3.2: Picture of the Middle Layer, Coil Layer and Top
Layer.
3.2 Sensor Board
The Sensor Board constitutes the main measurement device of the sensor
module. The custom circuit was designed to include the aforementioned
BMF055 SoC, which is a compound device that includes a 9-axis Inertial
Measurement Unit (IMU): 3-axis accelerometer [104], 3-axis
gyroscope [105]1, 3-axis geomagnetic sensor [106] and an Atmel SAMD20J18
microcontroller [107], which at the moment mainly serves communication
purposes.
For this chapter, and to test the core functionality of the current module
design, only the geomagnetic sensor included in the SoC will be used. This
sensor is a similar device as the BMM150 sensor from Bosch, with a
measurement limit of ±2.5mT and a 15-bit word buffer for the Z axis, and a
measurement limit of ±1.3mT with a 13-bit word buffer for X and Y axes.
1The accelerometer and gyroscope are not used in this chapter.
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The datasheet sensor limits are tested and verified with an experiment
described below. Relying on the digits conversion detail from the datasheet
of the sensor, the reported digit values from the sensor are converted into
mT (millitesla) units. Additionally, the Sensor Board was designed with three
communication ports to allow several sensor modules to be interconnected
to form a network—or skin patch. The data management and transmission
can be directly managed in each individual module by the microcontroller.
Further details on the Sensor Board are shared in Table 3.1.
The design of the Sensor Board allows redundant interconnection of
boards (please refer to Figure 3.3 for an example diagram). Should any
device in the mesh of sensors fail, the surviving system could reroute
information using different paths connected to the main controller.
TABLE 3.1: Custom Sensor Board PCB specifications
Element Value Unit
Layers 2 Layers
Board Thickness 1.6 mm
Board Height 14 mm
Board Width 14 mm
Copper Thickness 0.06 mm
Max. Trace Thickness 12 mil
Min. Trace Thickness 8 mil
Max. Power Supply 12 V
Min. Power Supply 5 V
Clock Frequency (Internal) 8 MHz
Comm Port 3 -
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FIGURE 3.3: Example diagram of network of Sensor Boards
with redundant routes.
The board also includes other required elements that contribute to the
practical use of the sensor: a LED for feedback and debugging purposes,
additional mandatory components for the proper operation of the BMF055
(resistors, capacitors and clock signals) and an LDO (low-dropout voltage
regulator).
In view of the need to conduct several tests before completing the
manufacture of the Sensor Board, another board called ’BMF055 Shuttle
Board’ (from Bosch) was purchased for initial testing. Therefore, this test
board was used to conduct all the following experiments described in later
sections, except when otherwise clarified. For images of the test board and
the manufactured circuit board, see Figure 3.4.
An experiment was conducted to check the sensor’s ability to detect
spatial changes in the magnetic field and the limits of the SoC magnetic
sensor. In place of the Coil Board, for this experiment I used a small
neodymium magnet attached to the tip of a vertical linear slider, moving
perpendicular to the SoC, and visually aligned with the center of the SoC
(for more details on the magnet please refer to Table 3.2). During the
experiment, the height of the magnet was manually adjusted on the vertical
axis in steps of 2mm, approaching the sensor from the top.
Figure 3.5 shows the data obtained from the experiment. The operating
limit of the sensor can be determined from the graph, and its saturation value
is close to +2.5mT. It can also be noticed that, even for a purely normal
approach (+Z axis), values in the X and Y axes were also reporting values.
I suggest that these measurements on the shear axes X-Y have two possible
explanations. First, there is no published information on the exact location
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(a)
(b)
FIGURE 3.4: (a) BMF055 test board, called ’Shuttle Board’.
In order to provide a flat surface in which to mount the
subsequent layers, a 3D-printed cover was designed to fill the
interstices between the electronic components on the PCB. (b)
Manufactured 9 Sensor Board PCBs.
TABLE 3.2: Neodymium magnet specifications
Element Value Unit
Diameter 1.6 mm
Height 0.8 mm
Surface Field 523.3 mT
Material NdFeB -
Grade N52 -
of the geomagnetic sensor BMM150 inside the BMF055 SoC, so the physical
center of the SoC probably does not coincide exactly with the center of the
encapsulated magnetic sensor. And second, there is intrinsic human error in
the visual alignment of the magnet on top of the SoC.
3.3 Coil Board
The Coil Board was designed according to some requirements that I set:
• The generated magnetic field should be within the working ranges of
the Sensor Board , ±2.5mT for Z and ±1.3mT for X and Y axes. The
Earth’s magnetic field is between 24µT and 65µT [108], depending on
location and other fluctuations, therefore it does not use up much of the
range of the sensor.
• The coil should be as flat as possible.
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FIGURE 3.5: Readouts from the permanent magnet vertical
approach experiment.
• The thickness of the sensor should not exceed 10mm. Therefore, in the
current design, the magnetic field would move within a range of 0–
3 mm from the Sensor Board, corresponding to a middle foam layer of
3mm in thickness that can be almost entirely compressed.
• The distance between the centers of two consecutive sensors should be
about 35mm. I consider that this spatial density would be beneficial for
covering large areas of robots with a reasonable number of sensors.
Each Coil Board should be small enough to be able to move several
millimeters laterally, without colliding with other Coil Boards, to
register shear forces.
• The coils need to support interconnection between them, thereby
minimizing the amount of wiring needed to cover large areas.
• The coil temperature should stay below 50 degrees Celsius, which,
according to [109], is an acceptable temperature for humans when
handling hot objects.
In order to meet these requirements, a flat spiral coil embedded in a 30×
30 mm PCB design was chosen. It would be preferable that the generated
magnetic field intensity be similar to the sensing ranges of the Sensor Board.
The shape of the field is also important to sense both normal and shear forces.
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FIGURE 3.6: Single-layer, 8-loop coil magnetic field simulation
results: (a) 0.5A, (b) 1.0A, (c) 1.5A, (d) 2.0A.
To find the proper coil diameter and number of loops, some simulations
were performed with ANSYS software [110]. In conformity with the
previously set requisites, a coil with an 8-loop outer diameter of 20mm was
initially envisioned and simulated. The results of this first round of
simulations can be found in Figure 3.6.
Based on these results, it is clear that the magnetic field generated with
this configuration of the coil produced an intensity in the order of 0.6–1.4mT,
at the surface of the coil, with a current of 1.5A—slightly below the required
operating range.
To increase the intensity of the magnetic field, an additional layer of
loops was added to the coil on an internal layer of the PCB, effectively
doubling the number of loops to a total of 16. With this new configuration,
more simulations were run to estimate the induced field. These results are
shown in Figure 3.7.
From the second round of simulations, it could be confirmed that the
magnetic field strength of a double-layer coil with 16 loops generated a field
with intensities in ranges between 2.4 − 3.4mT on the surface of the coil,
powered with 1.5A. These values fall within the design parameters.
Finally, I chose a 4-layered PCB design for the coil with an outer diameter
of 20mm (for more specifications, please refer to Table 3.3). The top two layers
of the PCB are designed for other purposes and are not used in the current
section, while the remaining two layers face down, towards the Sensor Board,
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FIGURE 3.7: Dual-layer, 16-loop coil magnetic field simulation
results: (a) 0.5A, (b) 1.0A, (c) 1.5A, (d) 2.0A.
TABLE 3.3: Coil Board specifications
Element Value Unit
Layers 4 Layers
Board Thickness 1.6 mm
Board Width 30.5 mm
Board Height 30.5 mm
Copper Thickness 0.06 mm
Maximum Trace Width 50 mil
Filling Material FR-4 resin -
Resistance 0.6 Ω
contain the embedded loops of the coil.
Two more experiments were performed to test the characteristics of the
manufactured Coil Board.
The first experiment consisted of using the sensor test board (Shuttle
Board) to check the strength of the magnetic field generated by the coil, with
no soft material in between the coil and sensor PCBs. Results showed that
the PCB coil, fed with 1.5A of current, produced a magnetic field of
approximately 1.0mT with the coil and sensor in contact. The registered
value, as measured by the BMF055, was 0.6mT at a distance of 2mm from the
sensor and 0.3mT at 5mm. Figure 3.8 shows readings from the experiment
comparing distance, current and magnetic field intensity. These values were
found to be 3 times lower than the ones obtained from the simulation. The
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FIGURE 3.8: Coil Z axis magnetic field as a function of current
and distance from sensor.
reason for this difference is a topic for further study. Nevertheless,
additional coil layers can be easily added to the same PCB, and the current
magnetic field strength is sufficient to validate the concept of the current
chapter.
The focus of the second experiment was to examine how the current
applied to the coil affects the temperature of the Coil Board. Current values
of 0.25A, 0.5A, 0.75A, 1A, 1.25A and 1, 5A were run though the Coil Board
and the PCB temperature was checked after 2 minutes of continuous
operation in open air. A thermal camera (FLIR One) was used to obtain
temperature measurements. Figure 3.9 shows those temperature values,
corresponding to the highest temperature point in each thermal image,
whereas Figure 3.10 offers the same values along with a fitting curve
between them. From these results, it can be seen that because the
temperature rises rapidly, it is not advisable to use large current values on
the coil.
Another requirement for the Coil Board is the possibility to be
interconnected, to expand the coverage area without a large number of
wires.
To this end, the Coil Board has four interconnecting ports, one port on
each side (centered) to create a series of interconnected devices that extend
to larger areas. Each port consists of four connection pins: coil (called SRC
or DRAIN), ground (called GND) and two additional pads that are not used
in the current implementation. In order to obtain the same magnetic field
strength on all devices in the chain, the coil must be fed from the SRC (source)
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(a) (b) (c)
(d) (e) (f)
FIGURE 3.9: Temperature of the Coil Board at (a) 0.25A, (b)
0.5A, (c) 0.75A, (d) 1A, (e) 1.25A, (f) 1.5A.
pin on the board, and the chain should only continue from one of the DRAIN
pins. This connects the coils in a series circuit. On the other hand, using
multiple DRAIN pins from the same board will result in parallel resistance
circuits, causing the current to split among branches and generating different
magnetic field intensities—which may not be the intended result.
Pictures of the layers of the sensor and an assembled module can be found
in Figure 3.11
3.4 Experiments
This section describes experiments performed on the sensor module. First,
a detailed description of the experimental setup is offered, followed by the
results of the force experiments.
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FIGURE 3.10: Temperature of the coil in function of the current
flow.
3.4.1 Experimental Setup
A series of experiments were carried out on the sensor module. The same
experimental setup was used in all experiments. Figure 3.12 shows pictures
of the system with references. The setup used was a manually operated X-Y
table with a vertical stand holding a voice coil motor (VM5050-190 from
Geeplus) connected to an aluminum shaft adapter mounted with a linear
bushing. At the tip of the shaft, a 6-axis force/torque (F/T) sensor (BL
Autotech Nano1.5/1.5) and an acrylic 30× 30 mm pusher are connected in
series. The voice coil motor was controlled by an LMD18245 chip (from
Texas Instrument). The motor generates a pushing force that the acrylic
pusher then exerts on the sensor module. The force generated by the voice
coil motor is monitored by the F/T sensor and collected using an Arduino
Uno microcontroller (at a rate of 100Hz). The sensor magnetic readings are
collected at a rate of 10Hz with an Mbed NXP LPC1768 microcontroller.
Normal and shear force experiments were performed to measure the
induced magnetic field in relation to the forces applied to the module. For
each force step, the first 10 collected data are ignored to disregard the
transient response of the sensor. The last 10 points were also ignored to
resolve synchronization differences between the readings of the F/T sensor
and the sensor module that is being tested. Preliminary results indicate that
a quasi-static response is achieved within these boundaries. Average and
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FIGURE 3.11: Sensor module 1st Generation. Left: Top view
before assembly of all layers with references. Right: Top and
side views after assembly.
standard deviation values are presented in the graphs.
Finally, baselines were calculated for each current setting and the figures
show the change in measured magnetic field with respect to the field
measured at the beginning of the experiment.
3.4.2 Results and Discussion
The first experiment used the voice coil motor to push the top layer of the
module and applied successive steps to increase the normal force to a
maximum of 4.5N. The experiment was repeated with 6 different values of
current on the Coil Board—thus generating different magnetic field
intensities. During these experiments, the soft material of the Middle Layer is
compressed and the Coil Board gets closer to the Sensor Board, changing the
position of the magnetic field with respect to the magnetic sensor.
Figure 3.13 shows the results from the Sensor Board’s magnetic sensor.
For the first step, until the initial force of 0.5N is applied, the sensor hardly
deforms, so almost no change is seen in the magnetic field. I believe this
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FIGURE 3.12: Experiment setup.
corresponds to the linear elasticity region that elastomeric foams exhibit,
described in detail in [111]. The stress–strain curves for elastomeric foams
present a region where the strain (deformation due to stress) in the material
remains very low when the stress value increases.
This initial response of the system due to the physical properties of soft
materials is not ideal for my intended design because it acts as a filter for the
low-value forces exerted on the sensor. The use of different materials will be
studied in subsequent chapters.
The cells within the foam begin to collapse when higher forces are applied
and the sensor’s response becomes more noticeable.
Importantly for this chapter, it has been verified that the sensitivity of the
sensor can indeed be adjusted. This is because the slopes of the response
curves will change as the current applied to the electromagnet increases. For
example, at 1500mA, a change of more than 0.050mT can be measured when
the force changed from 2N to 3N, while at 250mA, the same variation of
force produced a difference of 0.025mT. The quadratic shape of the response
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FIGURE 3.13: Normal force results. Six different current values
applied to the Coil Board.
curve is also consistent with the ’densification’ region that elastomeric foams
present in the stress–strain curves, as pointed out in [111], [112].
In the second experiment, I focused on shear force sensing to assess the
triaxial response of the sensor. Initially, the voice coil motor pressed the
module with 2.5N of normal force and, while this constant normal force was
applied, the X-Y table was manually displaced 1mm from the starting
position, in steps of 0.2mm. A minimum value of constant normal force is
required to be able to apply shear forces onto the module. Results of the X
axis direction are presented, but preliminary experiments showed that
deformations in the Y axis direction behave similarly.
Figure 3.14 shows the result for 6 different current settings on the Coil
Board. There are steep first steps in all current settings, which correspond to
the first normal force step applied to the sensor. The explanation offered
previously for Figure 3.5 also applies to these results because these sudden
rises correspond to the misalignment between the Coil Board and the Sensor
Board. After the initial step, the sensor behaves in an analogous way,
compared to that of the normal force experiment, showing a variation of
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FIGURE 3.14: Shear force results. Six different current values
applied to the Coil Board.
0.03mT/N for a current of 1500mA.
Calibration methods similar to that performed in [78] could be used to
compensate for small crosstalk between measuring axes. However, it can
be seen that the response of the shear force is more linear than the one for
normal forces applied to the sensor. Due to the mechanical deformation limit
of the foam material, higher shear forces could not be tested. The selection
of a different deformable material would improve the response profiles; this
topic is discussed in consequent chapters.
3.5 Conclusions
In this chapter, the concept of a thin, adjustable, 3-axis force sensor was
presented. The first iteration of design, assembly and experimentation was
also presented. The working principle of the sensor relies on an adjustable
magnetic field induced by a coil embedded in a PCB that is suspended over
a geomagnetic sensor, with a layer of soft material in between. When the
coil changes position with respect to the sensor, a difference in the magnetic
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field is sensed on 3 axes, and the deformation can be transformed into force
applied on the sensor. Because the sensor module is designed to operate in a
network and is able to be covered with a soft exterior with no need for
holes, I believe it could be used in large surfaces as robot skin, offering
additional compliance and complete 3-axis force sensing. Furthermore, the
adjustable sensitivity feature of the concept has been verified, making the
sensor suitable for interactions with a broader range of daily objects
(delicate or heavy).
A common disadvantage for sensors that are based on magnetic
technology is the fact that they usually sense external magnetic fields that
were not intended to be measured and that could interfere with the internal
sensing. This happens because there are no compact, lightweight
materials—such as paints, fabrics or powders—that can be used for
magnetic shielding. Therefore, providing magnetic shielding for
small-scaled sensors is problematic, if not impossible. This is an additional
advantage of the current sensor design: the adjustable magnetic field can be
turned off to sense external magnetic fields and offset for the possibly
unwanted disturbances.
3.6 Sensor Limitations
The sensor concept introduced and tested in this chapter presents some
challenging areas:
• High temperature on the Coil Board: As mentioned in section 3.3, after
only 2 minutes of operation in the open air, the coil quickly increased
its temperature over 50◦C. A robot skin with a warm surface might be
acceptable, and possibly even required for future service robots, as it
could resemble the familiar feel of that of the human skin. However,
these advanced aspects of human-robot interactions and the
acceptance rate or psychological implications of such characteristics
on a robot skin are not in the scope of this thesis. On the strictly
technical side, 50◦C exceeds normal human body temperature and
suggests significant energy waste in the form of thermal conversion.
• Low sensing spectrum utilization: Experimentation showed that the
current version of the coil generated a magnetic field that, even at
maximum compression of the sensor, can reach around 10% of the
available bandwidth of the magnetic Z axis.
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• Low deformation of Middle Layer: The foam material used in this
chapter offers low maximum mechanical deformation. In other words,
it collapses quickly and almost entirely. After the material is
compressed in this way, it does not allow further deformation and the
sensor module is at risk of breaking. Therefore, at this instance, only
normal force values between 2–3N and shear force of 1N could be
sensed.
All these problems will be studied next, in Chapter 4.
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Chapter 4
Improvements on Sensor Module
This chapter presents an iterative process of redesign, implementation and
testing, through which four generations of the sensor module were
developed. The first sensor module presented in Chapter 3 will be referred
to as First Generation. Similarly, the subsequent versions presented in this
chapter are referred to as Second, Third and Fourth Generations.
Each generation has incremental modifications based on the problems
detected in the previous version.
Therefore, the rest of the chapter has sections dedicated to each of the
three aforementioned Generations, as well as general conclusions towards
the end.
4.1 Second Generation
The 2nd Generation of the sensor is based on the same principle of operation
as the 1st Generation, presented in the previous chapter. That is, a magnetic
field is generated on a flat coil and when the sensor is subjected to external
forces, a shift in the field position occurs and this change is recorded and
reported by a geomagnetic sensor. The external forces applied to the sensor
directly determine the changes in strength and direction of the magnetic
field.
Two printed circuit boards (PCB) serve as the main components of the
sensor. One is called Sensor Board and contains the sensing parts. The other
one is the Coil Board, which consists of an embedded flat coil that generates a
magnetic field that can be controlled.
A picture comparing the module’s 1st and 2nd Generations can be found
in Figure 4.1.
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FIGURE 4.1: 1st and 2nd Generations of the sensor module
compared side by side. Left: Top view before assembly of
all layers with references. Right: Top and side views after
assembly.
The layers of the sensor module are the following:
1. Top Layer: A layer of soft material that is in contact with the exterior.
For the 2nd Generation, the material has changed to a thin grip tape
GM641 from 3M. The tape covers the Coil Board Layer completely, with
0.8mm in thickness. The tape was selected for its high friction and
thinness. In particular, the increased friction helps transmit external
forces to the underlying layers of the module.
2. Coil Board Layer: This is the board that is suspended on top of the
Sensor Board and generates an adjustable magnetic field. Some
performance enhancements on this layer are presented in Section 4.1.2
of the current chapter.
3. Middle Layer: A deformable soft material placed in-between the Coil
Board and the Sensor Board. Later on the chapter, details on experiments
with two different materials are offered. The material thickness was
increased to 5mm from the 3mm design of the 1st Generation.
4. Sensor Board Layer: The last layer of the sensor module, containing all
the required electronics.
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FIGURE 4.2: Layers of the 2nd Generation sensor module.
See Figure 4.2 for a diagram of the sensor module. All layers are fixed
together with thin double-sided adhesive tape (Nicetack NW-K10 from
Nichiban). The manufactured Coil Board and Sensor Board, along with a
3D-printed placeholder for the Sensor Board, are shown in Figure 4.3. The
printed container consists of a base with a cavity for the Sensor Board, and a
top cover that holds the circuit and flat cable connections in place. The top
cover has the same dimensions as the Coil Board: 30.5 × 30.5 mm, which
helps with the alignment of the layers during assembly. The plastic base is
not considered when calculating the sensor thickness because it can be
replaced by a flat part that would not add to the height of the module.
Several improvements have been developed for the 2nd Generation. In
the following pages, details of the enhancements for each layer, along with
experimentation results, are presented.
From Figure 4.1, it can be noticed that the thickness of the 2nd Generation
has been reduced by 1mm, while the capabilities of the sensor have been
expanded.
4.1.1 Enhancements on the Sensor Board
The Sensor Board circuit includes a System on Chip (SoC) BMF055 from
Bosch. The SoC includes a microcontroller ATSAMD20J18 from Microchip,
and a 9-axis inertial measurement unit (IMU) with an accelerometer,
gyroscope and, most importantly, a geomagnetic sensor (BMM150 from
Bosch). As previously mentioned, having a microcontroller in each sensor
module offers several advantages. For example, it allows for in situ signal
processing and filtering.
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FIGURE 4.3: Sensor components: Coil Board and Sensor Board
with 3D-printed container.
The BMM150 geomagnetic sensor included in the SoC has two different
resolutions from Z and X-Y axes. For Z axis, the resolution is higher (15-
bit word), allowing measurements between ±2.5mT. For X and Y axes the
measurement limits are ±1.3mT (13-bit word). The reading speed for the 2nd
Generation of the sensor has been set to 10Hz, the same as 1st Generation.
The sensor can achieve higher output speeds (up to > 300Hz) with ’forced-
mode’ configurations. This, however, would increase the RMS output noise
as well.
The Sensor Board has been redesigned and manufactured based on the
PCB of the 1st Generation, presented in [113], with all the necessary active
and passive electronic elements. The Sensor Board now includes a 40MHz
crystal oscillator, a programming port placed on the bottom layer of the PCB
and three communication ports with 6-pin 0.5mm pitch flat cable connectors
(designed for SPI protocol communications). A picture of the manufactured
Sensor Board can be found on Figure 4.3. For further details of the PCB refer
to Table 4.1.
As stated in Chapter 1, one of the final goals of the sensor module is to
cover large areas of robots and provide expanded sense of touch capabilities.
Therefore, to accomplish this objective, several sensor modules need to be
able to be interconnected to form a network. The three SPI comm ports with
flat cable connectors serve this purpose.
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TABLE 4.1: Sensor Board specifications
Element Value Unit
Layers 2 Layers
Board Height 14 mm
Board Width 14 mm
Board Thickness 0.7 mm
Copper Thickness 0.035 mm
Min. Power Supply 5 V
Max. Power Supply 12 V
Min. Trace Thickness 8 mil
Max. Trace Thickness 12 mil
Clock Frequency 40 MHz
Comm Ports 3 +1 prog. port -
Programming protocol SWD -
4.1.2 Enhancements on the Coil Board
The top layer of the sensor module is a PCB that contains an embedded coil.
The current passing through the coil controls the intensity of the generated
magnetic field. The 1st Generation used a flat coil with a 20mm outer diameter
that extended over two of the layers of a 4-layered Coil Board PCB, with a
size of 30.5× 30.5 mm. The other two layers of the PCB were designed for
capacitive sensing, but this sensing modality is discussed in Chapter 6.
Two aspects in need for improvements were detected:
I. High temperature in the coil: The coil from the 1st Generation would
quickly exceed 50◦C after a mere 2-minute period of operation
(powered with 1500mA). This situation is not acceptable.
II. Weak intensity of magnetic field: Even at maximum compression and
when powering the coil with the maximum possible current of 1500mA,
the intensity of the generated magnetic field for the 1st Generation Z
axis reached a limit close to 0.25mT. This value is comparatively smaller
than the geomagnetic sensor resolution limit of 2.5mT for the Z axis. A
higher intensity field would utilize a wider range of the geomagnetic
sensor.
These two areas are clearly connected. Increasing the current passing
through the coil would augment the generated magnetic field intensity;
however, this would also produce the unwanted effect of elevating the
temperature of the circuit.
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To try to solve these problems, for the 2nd Generation the copper traces
thickness of the embedded coil was doubled while maintaining the overall
design of the PCB, so as to comply with previous requirements. A picture
of the manufactured 2nd Generation Coil Board can be seen in Figure 4.3. As
a result of this modification, the resistance of the coil decreased from 0.69Ω
(1st Generation) to 0.318Ω. In addition, the thickness of the PCB of the Coil
Board was reduced to 0.7mm. The PCB thickness change had no significant
negative influence on the generated magnetic field. At this point, preliminary
experiments showed that the new Coil Board generated magnetic fields with
intensities ≈ 143% stronger than the previous Generation.
The following section describes experiments performed on the Coil
Board. The maximum temperature of the coil was verified in the first part.
Consequently, after finding the maximum current value that will not exceed
an acceptable temperature rating, the intensity of the magnetic field
generated by the coil was tested.
4.1.2.1 Coil Temperature
An experiment was performed to check the temperature ratings of the new
coil when subject to different current levels.
A total of twelve values of direct current were applied to the Coil Board,
from 250mA to a maximum of 3000mA, with increasing steps of 250mA. The
highest temperature on the board was recorded with the following time
intervals: 0 seconds (experiment start point), 30 seconds, and 1, 2, 4, 5, 8 and
10 minutes. The Coil Board was placed in open air, at room temperature
(28.4± 0.2◦C). The used device was a 568 IR Thermometer from Fluke. The
’maximum allowable’ temperature for the experiment was set to be 60◦C,
after which the experiment would be halted.
Results are presented in Figure 4.4. As expected, increased current
values produced rapid rises in temperature. In [109], it is stated that an
acceptable temperature for humans to handle hot objects should not exceed
50◦C. Therefore, I decided to decrease the maximum acceptable
temperature of the coil to 45◦C, which is within the most restrictive and
generally accepted commercial temperature rating for integrated circuits:
between 0◦C and 70◦C.
It should be noted that for the 4 highest current values—3000mA,
2750mA, 2500mA and 2250mA—the temperature readings surpassed the
mentioned 60◦C experimental limit, and therefore prompted an immediate
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interruption of the experiment. The highest current value that is stable
below the threshold of 45◦C is 1500mA. Hence, the value of 1500mA is
adopted as the maximum current limit of the module.
FIGURE 4.4: Coil temperature experiment results.
4.1.2.2 Coil Magnetic Field
After determining the maximum current value for the module, the
generated magnetic field intensity was tested. An experiment with six
current values was devised: 250mA, 500mA, 750mA, 1000mA, 1250mA and
the maximum value of 1500mA. All magnetic field readings were obtained
from the Sensor Board. The sensor was installed on the base of a vertical
milling machine, while the Coil Board was affixed to the drill tool hole with a
plastic adapter (3D printed). Figure 4.5 shows a picture of the experiment
setup. While applying the six different current values on the Coil Board, the
coil was manually lowered towards the Sensor Board, at intervals of 5
seconds, with no material between the PCBs.
Figure 4.6 shows results of this experiment. The distance between the
sensor and the coil is displayed on each signal level in the graph. The
approaching steps can be distinguished: the increasing current values
prompt increased intensities of the magnetic field. Importantly, the
maximum value of the 2nd Generation is now near 0.6mT, for the current
setting of 1500mA. This increment of the maximum reachable value means
72 Chapter 4. Improvements on Sensor Module
FIGURE 4.5: Vertical approach experiment setup to measure the
generated magnetic field of the Coil Board.
that the sensitivity of the sensor has been almost doubled when compared
to the 1st Generation, while the Coil Board temperature remains under 45◦C.
4.1.3 Enhancements on the Middle Layer
Because the PCBs of the Sensor Board and the Coil Board were manufactured
on thinner substrates, a thicker Middle Layer material can be used without
increasing the overall thickness of the sensor module. The increased
thickness of the middle material would allow greater deformation, which is
especially important for shear forces. Therefore, a new thickness of 5mm
was decided upon, with which the complete module thickness adds to
7.2mm (Figure 4.2)—i.e., 1mm thinner than the 1st Generation (8.2mm).
The purpose of this experiment was to compare two possible new
materials for the Middle Layer. The first selected material was a polyurethane
open-cell foam from Inoac Corporation, which was originally designed for
use in air filters. This open-fell foam was very similar to the Middle Layer
used in the 1st Generation. The second material was a neoprene sheet from
Matec Sozai, usually used for diving gear. Squares of 30× 30 mm of these
materials were cut and individually fixed between the Sensor Board and Coil
Board with strong double-sided adhesive tape from 3M. Normal and shear
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FIGURE 4.6: Vertical approach magnetic field strength Z axis
readouts under different current values.
force experiments were performed on both materials separately, with the
maximum chosen current value of 1500mA applied to the Coil Board.
The setup experiment is presented in Figure 4.7. It consists of an XY table
CTS150 from IKO, to move the sensor in a horizontal plane, a vertical mount
with a voice coil motor—VMS05-180-LB from H2W Technologies—attached
to a 6-axis sensor—Nano17 from ATI—connected in series to the end of the
moving vertical shaft. All components of the testbed (table, voice coil motor
and 6-axis sensor), as well as the sensor module being tested, are connected
to and managed by a single computer, thus, simplifying the synchronization
between them and enhancing the spatial accuracy of the collected data
points.
The XY table and the voice coil are components that work under strong
magnetic principles, therefore, plastic spacers were designed and 3D
printed to separate the sensor from them and minimize their magnetic
effects. References to the spacers can be found also in Figure 4.7. Data from
the sensor module was collected at 10Hz and from the 6-axis F/T sensor at
100Hz.
For the normal force experiment, the voice coil motor pressed down on
the module with steps of increased force. Meanwhile, for the shear force
experiment, the sensor module was normally pressed with approximately
15N—to prevent slippage—and then was displaced along the X axis
direction in increasing steps of 1mm, 2mm and 3mm, alternating from
positive to negative, from the initial position. The symmetry of the sensor
allows for the inference of similar results for Y axis.
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FIGURE 4.7: Normal and shear force experiment setup.
Results from both experiments are presented in Figure 4.8. The top two
graphs correspond to normal force results, while the bottom two present
shear force results. It can be clearly noticed that the neoprene outperforms
the open-cell foam in both cases. The difference in the behavior of these
materials could be explained by the fast collapse of the foam, which reaches
almost maximum compression at an approximate force value of 10N—point
that has been annotated in the normal force graph of the foam, in the upper
right corner. For the foam material, after this compression stage, further
normal or shear deformations are greatly reduced and the outputs from the
sensor cannot be easily distinguished. This effect is also apparent in the
reported values of magnetic field intensity. The maximum values reached
by the foam material are higher for normal and shear force experiments
than those of the neoprene material—which means that the distance
between Coil Board and Sensor Board is shorter.
On the other hand, the neoprene material deforms in a more predictable
way, and the sensed values follow closely the shapes of the applied
reference force, both for normal and shear forces. This indicates a higher
consistency in the output values of the sensor. However, calibration and
hysteresis analysis are mandatory to check the accuracy and responsiveness
of the module. These items are addressed in the next chapter, with the
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characterization of the last generation of the sensor.
FIGURE 4.8: Experiment results. Left: Neoprene. Right: Foam
(polyurethane open-cell).
4.1.4 2nd Generation Conclusions
The 2nd Generation of the adjustable 3-axial force sensor for robot skin has
been presented in this section. Enhancements on the Coil Board and Sensor
Board were explained, implemented and tested. All enhancements were
applied while maintaining the form factor of the previous generation.
This iteration can achieve a stronger magnetic field on the Coil Board,
which allows a broader use of the magnetic sensor spectrum. In addition,
the temperature reached by the Coil Board has been decreased to 45◦C,
which falls between 0◦C and 70◦C—a common range for commercial
temperature for circuits.
With the new enhancements, the maximum tested values of the sensor for
normal and shear force have considerably increased. The 1st Generation was
tested with 4− 5N of normal force and with less than 1N of shear force—or
a displacement of less than 1mm. In contrast, the 2nd Generation has been
tested with 47N of normal force and 4N of shear force—or a displacement of
3mm. This means an increase of×10 and×3 for normal and shear maximum
force values, respectively.
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Even though the results of the improved magnetic field strength are
satisfactory, it would be advantageous to further increase the intensity of the
magnetic field of the Coil Board to reach saturation.
4.1.5 2nd Generation Limitations
From the results obtained up to this point, it was observed that, although
changes in the magnetic field that is generated by the coil were detectable,
its intensity was weak and only utilized a small percentage of the available
bandwidth of the magnetic sensor.
Ergo, there are two possible areas where enhancements can be made:
• Optimization of the generated magnetic field: The shape and intensity
of the magnetic field that the coil generates should be analyzed to try
to take advantage of a broader bandwidth of the sensing abilities.
• Optimization of the Middle Layer: Following the same objective, the
relation between deformation and the shape and volume of the Middle
Layer should be investigated to maximize the use of the magnetic field
of the coil.
These areas are studied in the following sections.
4.2 Third Generation
Similar to the work described above, the current Section will suggest
solutions for each of the layers of the sensor. A picture that compares 2nd
and 3rd Generations, side by side, can be found in Figure 4.9.
In the subsequent sections, I will present some enhancements and
experiments for the Coil Board and then for the Middle Material.
4.2.1 Enhancements on the Coil Board
As previously mentioned, it was detected that applying a current of 1500mA
to the coil increased its temperature to a stable 45◦C. This temperature rating
has been adopted as the maximum value to be applied on the Coil Board and
will remain the same for this Generation.
Despite the coil design improvements of the 2nd Generation, the
intensity of the induced magnetic field was found to be using
approximately 25% of the available bandwidth of the Z axis of the magnetic
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FIGURE 4.9: 2nd and 3rd Generations of the sensor module
compared side by side. Left: Top view before assembly of
all layers with references. Right: Top and side views after
assembly.
sensor—which saturates at 2.5mT. Thus, the strength of the generated
magnetic field of the Coil Board needs to be increased.
There are several options to accomplish this. One method is to expand
the diameter of the flat coil in order to increment the number of loops of the
coil. However, this method would also augment the overall footprint of the
sensor, which is an undesirable result. Another method would be to add
more loops on the coil in supplementary PCB layers. Yet, this change would
make the PCB thicker which is also an unwanted outcome.
Additionally, the shape of the generated field needs to be considered. The
magnetic sensor has different resolutions for its axes: ±1.3mT for X and Y,
and ±2.5mT for Z axis. Due to this fact, a homogeneous enlargement of the
shape of the magnetic field would saturate X or Y axes before utilizing the
full available spectrum of Z axis.
The Figure 4.10 shows a simulation of the coil of the 2nd Generation with
1500mA of direct current passing through it. The shape of the generated
field’s intensity has been marked with a black dashed line.
Increasing the number of loops of the coil would expand the marked
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area of the elliptical shape—elongating it vertically. Instead of a uniform
increase of the magnetic field, an additional stronger vertical component
would be preferable to excite the Z axis with a greater proportion than the
lower resolution axes X and Y. This ’desirable shape’ for the magnetic field
has been marked with a red dashed line in Figure 4.10.
FIGURE 4.10: Simulation of coil magnetic field intensity shape.
The current shape of the generated magnetic field and an
additional desirable shape have been outlined with dashed
lines.
An idea to achieve this heterogeneous shape is to add a small permanent
magnet at the center of the Coil Board. This solution would serve a dual
purpose, not only to increase the overall strength of the coil but also to
generate a concentrated central magnetic field region where the effects of
the electromagnet and the small permanent magnet are combined.
Figure 4.9 contains an arrow pointing to the permanent magnet’s location,
at the center of the Coil Board of the 3rd Generation.
To test this proposal, two small neodymium cylindrical magnets were
selected. The first one with dimensions of 1.59 × 0.53 mm and a rating of
N50—from now on referred to as ’Big Magnet’—and a second one with
dimensions of 0.97× 0.51 mm and a rating of N35—from now on referred to
as ’Small Magnet’. Figure 4.11 shows the two magnets with pin header
connectors and a ruler, for size reference.
The ANSYS Maxwell software [110] was used to run simulations with
these two types of magnets in different arrangements.
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FIGURE 4.11: ’Small Magnet’ and ’Big Magnet’ next to male pin
header connectors and ruler for size reference.
Three different scenarios of permanent magnets attached to the center of
the Coil Board were considered:
• Case 1: one Big Magnet.
• Case 2: one Small Magnet.
• Case 3: two stacked Small Magnets.
The simulated electromagnet was fed with a direct current of 1500mA and
the three permanent magnet cases were placed directly on the top layer of the
coil. Figure 4.12 shows the static simulation results—the magnetic intensity
is displayed in a logarithmic scale.
The best option is, possibly, Case 2 (one Small Magnet, picture in the
middle of the figure), because the shape of the simulated results best
approaches the desired elliptical shape of Figure 4.10—with a higher
magnetic field intensity centered on the vertical axis.
The simulation of Case 2 shows an approximately elliptical shape with a
magnitude of 2.0mT at 5mm from the magnet on the Z axis. It can be seen
from the simulations that Case 1 and Case 3 present stronger magnetic fields,
with ranges close to 10.0mT and 35.0mT, respectively, at a vertical distance
of 5mm from the center of the board. These values may quickly saturate X or
Y axes. Moreover, the high intensity of these cases could even saturate the Z
axis, which would be an unwanted effect.
An experiment was performed for each of the three cases to empirically
test these interpretations. In the experiment, the Sensor Board was
horizontally mounted on the base of a milling machine bench, in the same
fashion as it was presented in Figure 4.5. The three cases—one Big Magnet,
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FIGURE 4.12: Simulation results of Coil Board with permanent
magnets.
FIGURE 4.13: Experiment results of Coil Board with permanent
magnets. The preference for Case 2 is confirmed from the best
saturation points, which are at a closer distance and higher coil
current (1500mA).
one Small Magnet and two stacked Small Magnets—were tested on the
same setup.
The purpose of the experiment was to check the strength of the magnetic
field generated by the hybrid arrangement of permanent magnets combined
with a coil-induced field under different values of direct current. The
saturation distance and current values are compared for each case. Three
different current values were used: 0mA (no current on the coil, only to
check the influence of the permanent magnet), 750mA (half of the maximum
current value) and 1500mA (maximum current value for the coil). While
applying each different current value to the coil, the board was manually
lowered, bringing the Coil Board closer to the Sensor Board. No material was
placed between the boards for the experiment. Each magnet arrangement
was manually attached to the center of the Coil Board.
The results are compiled in three graphs in Figure 4.13, one per case,
where only saturation experiments are presented.
It was predicted from the simulations that Cases 1 and 3 would saturate
the sensor faster than Case 2. This observation was confirmed through the
experiment. Case 1 saturated the Sensor Board’s Y axis at a distance of 3mm
with 0mA (no current) on the coil. Case 3 also saturated the same axis, but
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at a distance of 2mm, again without current on the coil. On the other hand,
Case 2 starts to saturate X and Y axes at a lower distance of 1mm and, most
importantly, at a coil current value of 1500mA (the maximum value).
These results support the initial preference for Case 2, so this
configuration of a single Small Magnet is selected for the module. It should
also be noticed that for Case 2, the values for Z axis have doubled from
those of the coil without the permanent magnet, presently reaching a
maximum of 1.2mT, compared to the version without magnet, at 0.6mT
with 1500mA current and at a distance of 1mm.
As a final comment on the premature saturation of the Y axis, I suggest
that this effect corresponds to the fact that there is no available information
regarding the exact position of the geomagnetic sensor inside the BMF055
chip SoC, therefore, the coil and magnetometer sensor cannot be perfectly
aligned at this point. If the axis of the magnetic field was aligned with the
axis of the geomagnetic sensor, saturation would happen for X and Y axes
at approximately the same distance and current. This is investigated in the
following generation of the module.
4.2.2 Enhancements on the Middle Layer
On the 1st Generation of the module, it was noticed that the 3mm open-cell
polymer foam used as middle material did not yield good deformation
results neither for normal nor for shear forces. Particularly, the maximum
shear deformation that the material would allow was roughly 0.8mm. These
small deformation values were partly due to material properties, because
open-cell polymers only allow small shear forces before reaching the
breaking point. In addition, the thickness of the material also affects the
maximum allowable displacement before breaking. In this regard, thicker
materials will be preferable.
Taking these requirements into consideration, on the 2nd Generation of
the module a 5mm thick neoprene material (from Matec Sozai) was selected
to be used as Middle Layer. Using this material, the total thickness of the
sensor is 7.2mm (see Figure 4.9).
The objective of this iteration was to test the response of different shapes
of the neoprene material of the Middle Layer. Three possible shapes were
selected as candidates and will be referred to as: ’Full’, ’Hole’ and ’Partial’.
’Full’ is a 30× 30 mm square shape. ’Hole’ has a similar square outline but
has a circular orifice of 16mm in diameter in the center. The ’Partial’ shape is
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FIGURE 4.14: Three cases of tested neoprene shapes.
a composition of four parts on the corners of the board. Please see Figure 4.14
for a visual reference of each of the shapes.
Sensor modules were assembled with each of these shapes and tested
(the Coil Board with the Small Magnet presented above). All parameters and
experiments setup utilized for these tests were already presented in the 2nd
Generation section. Please refer to Figure 4.7.
The three different neoprene shapes were tested under the influence of
normal and shear forces, with a current value of 1500mA applied to the Coil
Board.
For the normal force experiment, the voice coil motor pressed the sensor
module with seven increasing values of force, to a maximum of
approximately 47N.
To perform the shear force experiment, the voice coil motor initially
pushed down on the sensor to increase the friction between the 6-axis F/T
and the prototype sensors. After this initial small compression, the XY table
was programmed to move in incremental steps, oscillating from the center
of the sensor to a maximum distance of 3mm.
Results for normal and shear experiments for all three different shapes
are condensed into two graphs in Figure 4.15.
The right side graph illustrates the normal force reaction of the neoprene
shapes. The left side graph refers to the shear force reactions. It is noticeable
on both graphs that the ’Full’ case exhibits the lowest variation in the
measured axes. The ’Hole’ case achieved slightly higher values than the
’Full’ one; however, the ’Partial’ case outperformed both.
These results reveal that the ’Partial’ shape offers higher deformation
values. This is convenient to utilize a larger portion of the available sensing
spectrum bandwidth, which was one of the main objectives for the current
iteration. Furthermore, higher deformation directly translates into a more
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FIGURE 4.15: Experiment results of three different neoprene
shapes to be used as Middle Layer.
compliant sensor, where subtle differences in applied forces would be easier
to detect and analyze.
Therefore, the ’Partial’ shape is selected for the 3rd Generation of the
sensor module.
4.2.3 3rd Generation Conclusions
Two important enhancements from the 2nd Generation of the sensor module
have been presented in this section.
The first one addressed the problematic weakness and shape of the
generated magnetic field of the coil by adding a small magnet in the center
of the board. An experiment was presented for three different magnet
arrangements and a single magnet of 0.97 × 0.51 mm (N35 rating) was
selected as the optimal option. This addition provides an enhanced and
vertically focused effect on the magnetic field, whereas preventing
saturation of the geomagnetic measuring axes. Previous generations of the
Coil Board reached a magnetic intensity of 0.25mT at 1mm of vertical distance
from the central point of the board. The Coil Board with the attached
permanent magnet from the 3rd Generation reaches 1.2mT at the same point.
The second enhancement focused on the shape of the Middle Layer
neoprene material. Three different shapes of neoprene were tested. Results
demonstrated that the option that deforms the most was the ’Partial’
shape—which resulted in higher sensed values for the same applied forces.
The maximum deformation value tested on previous generations for the XY
plane was 0.8mm. In contrast, the 3rd Generation, with the new neoprene
shape, was tested at a maximum lateral deformation of 3mm, a threefold
increase.
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4.2.4 3rd Generation Limitations
For the last iteration of the sensor design, I focused on the general
characteristics of the sensor rather than on individual components:
• Sensor size: A more compact sensor would be desirable. Not
necessarily to place the modules together and increase the spatial
tactile sensing resolution, but rather to simplify manufacture and
assembly processes, reduce the power needed on the coil, among
several other benefits offered by smaller sensors.
• Minimizing crosstalk between measuring axes: I have noticed that the
previous generations present significant crosstalk between measuring
axes.
• Multimodal sensing capabilities: On the following iteration, the two
modalities based on capacitive sensing will be presented and later on
studied in detail.
These items are presented and discussed in the next sections.
4.3 Fourth Generation
This section presents major improvements on the sensor module that intend
to address most of the aforementioned points, corresponding to the last
iteration of the redesign process: the 4th Generation.
This last iteration adds two new modalities based on capacitive sensing:
proximity and normal force sensing. For this purpose, a capacitive sensor
circuit and a conductive layer have been included in the design of the sensor
to perceive the approach of conductive objects and to provide an additional
normal force measurement. Capacitive sensing-based modalities are
explained in detail in Chapter 6.
A diagram of the layers of the 4th Generation can be found in Figure 4.16.
From bottom to top, the layers are:
I. Sensor board layer: The layer positioned at the base of the module, with
a rigid structure that will be mounted to the robot. Referred to as Sensor
Board, it contains all the required sensing electronics.
II. Capacitive layer: A new layer that was added to sense normal force
data (to complement the magnetic force measurements) and to detect
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the proximity of approaching objects. It consists of a thin thin
conductive tape connected to a capacitive sensing circuit.
III. Middle layer: A flexible material placed between the Coil Board and the
Sensor Board, called Middle Layer.
IV. Coil board layer: The top layer of the sensor that will be contact with
external interactions. It is fixed on top of the Middle Layer and is referred
to as Coil Board.
FIGURE 4.16: Layers of sensor module, 4th Generation.
The Sensor Board has not changed from the previous generation. It is a
custom PCB that integrates a BMF055 chip with all the required electronic
components for its correct operation. The BMF055 is the principal
component of the board, and is equipped with an ATSAMD20J18
microcontroller and a 9-axis inertial measurement unit with the following
components: a gyroscope (BMG160), an accelerometer (BMA280) and a
geomagnetic sensor (BMM150). Having a microcontroller in each of the skin
modules offers the possibility of performing basic signal processing in situ
without encumbering the main processing unit of the skin or the
communication bus. The capacitive measurements introduced in this
generation are presently handled by a separate PCB. However, it is possible
to adapt the Sensor Board to managed the capacitive readings with the
embedded microcontroller. Advantages and disadvantages of both options
are discussed in detail in Chapter 6, Section 6.1.3.
In this iteration, it was decided to flip the mounting position the Sensor
Board, so the active electronic components will face down towards and be
enclosed by the mounting structure. This inversion of the mounting
position provides increased robustness to the design of the sensor. External
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destructive forces could damage the Coil Board and Middle Layer, but the
active components of the Sensor Board would not be easily reached.
Importantly, it also offers a flat surface upon which to place the subsequent
layer of conductive tape to be used on the capacitive sensing. The
orientation change of the Sensor Board does not interfere with the principles
of operation of the magnetometer, yet a correction that inverts two of the
measuring axes is required to maintain the same reference frame.
On the flat surface provided by the Sensor Board, a conductive tape is
placed and connected to a capacitive sensing circuit. Further information on
the features of these new sensing modalities can be found later in the
current chapter, Section 4.3.3, and in Chapter 6.
The Middle Layer is mounted on top of the conductive tape. It has been
concluded in past iterations, that neoprene of 5mm in thickness works well,
therefore, the same material is used for the 4th Generation.
Lastly, the Coil Board is fixed on top of the flexible layer with strong glue.
As previously mentioned, this layer consists of a coil with a neodymium
permanent magnet pasted at the center. The intensity of the magnetic field
of the coil may be adjusted by changing the current applied to it. The
magnetic sensor features a wider operating range in Z axis than in X-Y axes.
That is the reason for the additional permanent magnet attached at the
center of the coil: it results in an increased field density towards the central
axis of said coil, allowing for the utilization of a wider range in Z axis
measurements.
In order to reduce the size of the sensor, the Coil Board design and the
attributes of the intermediate material must be revised. The next section will
introduce this process.
4.3.1 Footprint Reduction
Smaller sensors would not only offer the possibility to be mounted in higher
spatial density grids (to provide more detailed contact information) but
would also be easier and cheaper to mass-produce. In addition, a more
compact sensor could be better mounted onto curved surfaces, thus proving
to offer better flexibility for a variety of use-cases.
The size of the module of this thesis has been a matter of discussion since
the 1st Generation was presented in [113]. Therefore, in this section I focused
on reducing the footprint of the sensor module.
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The main aspect that has significant impact on the size of the sensor
module is the Coil Board, measuring 30.5 × 30.5 mm. Any property
modification to the coil regarding its size, thickness or shape of the copper
traces directly affects the amperage that can be used to power it, which in
turn, directly relates to the intensity and shape of the magnetic field induced
by the coil. Consequently, these changes then affect the required properties
of the deformable material of the Middle Layer.
In addition, the power consumption of the complete sensor is almost
entirely the energy used by the Coil Board. Previous generations of the board
required direct current values of as high as 1500mA, at which point, the
temperature of the electronic components and the coil became an important
aspect to consider.
The following paragraphs present modifications on the coil and middle
material to reduce the footprint of the sensor module.
4.3.1.1 New Coil
In order to make the past results valid and to isolate as much as possible
the effects of redesigning the coil, an electromagnet with similar magnetic
intensity is preferable. To that extent, the same permanent magnet presented
for the 3rd Generation is used to increase the magnetic intensity of the central
area of the coil. Following the same reasoning, the 5mm spacing between
sensor and coil was also maintained.
After several simulations, it was decided that the smaller coil would be
assembled on a hexagon-shaped of 15mm by side and 0.8mm in thickness
which was 3D printed in polylactide plastic (PLA). A spiral flat coil was
manually wound with enameled copper wire of a diameter of 0.26mm over
the PLA substrate. One of the manufactured coils is displayed in
Figure 4.17. Presently, the new coil is 1/4th of the area of the PCB embedded
coil used through the 3rd Generation of the module.
The standardized American wire gauge recommends a maximum current
value of 520mA for a gauge of AWG30 (to operate below 60◦C). This gauge
value is the best approximation to the diameter of the enameled copper wire
used to manufacture the coil. Therefore, a slightly lower current value of
500mA was selected for experimentation on the new coil.
Two experiments were conducted on the new coil. The first one checked
the temperature of the coil, whereas the second was designed to compare the
magnetic field intensities of the new coil and of the embedded PCB coil of the
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3rd Generation. In both cases, the coil was fed with the maximum decided
current of 500mA.
FIGURE 4.17: New coil made from enameled copper wire of
0.26mm of diameter. A neodymium magnet is pasted at the
center to augment the magnetic intensity towards that area.
The temperature experiment took readings every 30 seconds with FLIR
One Pro thermographic camera. Nonetheless, the temperature remained
consistently under 40◦C after 10 minutes of operation in an open air
environment and the coil powered with the maximum current value of
500mA. I considered these results suitable for my sensor module.
Most importantly, the lower current value of 500mA better contributes to
the module design because it represents a reduction to 1/3 of the 1500mA
maximum current value of past generations, thus, significantly decreasing
the power consumption of the coil and of the entire module.
The objective of the second experiment was to verify the intensity of the
magnetic field induced by the new coil. To accomplish this, the new coil was
mounted with the side of the attached permanent magnet facing upwards
on a manual XYZ table (from Proxxon). After supplying the coil with the
maximum amperage value of 500mA, fifteen magnetic field measurements
were registered with a handheld magnetometer (MG-3003SD from Lutron)
that had been mounted on the vertical axis of the test table. The table was
manually displaced in steps of 1mm on the Z axis, moving away from the
sensor module. Each distance point has an assigned average value. These
results for the ’New Coil’ and the previous coil (’PCB Coil’) are displayed in
Figure 4.18.
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FIGURE 4.18: Magnetic field intensity test setup and
comparison results.
The results prove that even after a size reduction to 1/4th of the previous
iteration, the new coil can achieve comparable magnetic field intensities.
Consequently, the characteristics of the newly designed coil are in
accordance with previous requirements, and the coil is, thus, adopted as a
replacement of the previous PCB version that was employed until the 3rd
Generation.
4.3.1.2 Middle Layer Material
The decrease of the coil size dictated that the next logical step would be the
redesign of the Middle Layer material that is placed between the coil and the
sensor. As previously stated, previous testing confirmed that a 5mm thick
neoprene piece yields good deformation results for shear and normal force
experiments, thus, the same material is employed for the current iteration.
Nevertheless, the neoprene shape from previous generations could not be
used with the new coil size. Alternatively, a new cylindrical shape with 14mm
in diameter and a 5mm hole in the center was decided upon. The previous
’Partial’ neoprene shape of the 3rd Generation had a volume of 2300mm3.
The volume of the new cylindrical shape is approximately 675mm3, which
is in close consonance with the coil’s size reduction to 1/4th of its previous
dimensions. The new middle material shape is displayed next to the new coil
in Figure 4.17.
Figure 4.19 presents a comparison between the 3rd Generation and the
final 4th Generation of the sensor module. Pre- and post-assembly images
are displayed.
90 Chapter 4. Improvements on Sensor Module
FIGURE 4.19: 3rd and 4th Generations of the sensor module
compared side by side. Left: Top view before assembly of
all layers with references. Right: Top and side views after
assembly.
4.3.2 Minimizing Crosstalk Between Measuring Axes
Another important objective of this iteration was to minimize the crosstalk
between the geomagnetic sensor’s measuring axes. The datasheet of the
BMF055 chip used in the Sensor Board does not accurately report the position
of the magnetometer in the SoC. Until now and due to the lack of this
important piece of information for the sensor module, it was decided that
the center of the BMF055 chip would be aligned with the center of the coil
that generated the magnetic field. However, this situation generated
considerable crosstalk between the axes. This was particularly evident in
experiments with normal force, during which, instead of seeing the
expected increase of only Z axis measurements, X-Y axes would also report
large output values. I surmised that this problem arose from a significant
misalignment between the center of the geomagnetic sensor and the
induced magnetic field axes.
Hence, an experiment was devised to explore the position of the
magnetometer inside the BMF055 chip. The same XYZ table introduced in
the Chapter 3, section 3.4.2 was used for the experiment, on which the
sensor module was horizontally fixed. A 3D-printed plastic attachment was
installed on the vertical axis. The tip of the attachment was designed with
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the same size as the Sensor Board—15 × 15mm. The same small magnet
presented on the 3rd Generation of the module was fixed to the central point
of the 3D-printed attachment.
At the beginning of the experiment, the attachment part with the magnet
was manually aligned with the central axis of the chip. Subsequently, the
attachment part was moved in the vertical axis, 3mm away from the sensor
to prevent the sensor from saturating. Figure 4.20 shows a picture of the
experiment setup.
FIGURE 4.20: Magnetometer location experiment setup.
To acquire data, the table was manually operated and displaced in
discrete steps on a grid of points with 0.2mm of separation between them.
Fifteen seconds of magnetic output data were recorded with the Sensor
Board for each point of the lattice. Then all the data points were averaged
and assigned to said points. A preliminary examination showed an
approximate location of the magnetic sensor. Therefore, only a subset of
points has been probed, corresponding to an approximated location to
where the magnetometer was expected to be.
Measurement results are presented in Figure 4.21. The BMF055 chip is
represented by the gray rectangle in the background—or bottom layer—of
all graphs. The surfaces represent measurements for X, Y and Z axes in raw
digits from the geomagnetic sensor. The peak readings of Z axis are offered
and compared with a superposition of X and Y axes. The magnetometer’s
center is located at the point where the measured value of the Z axis reaches
the maximum, marked with a notation. In the X-Y superposition graph, it
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may be noted that these axes measurements have similar values—close to
zero—where Z axis reaches its peak. This can be interpreted as a
confirmation of the location of the geomagnetic sensor. The sensor is likely
located at coordinates (1.6 ± 0.2, 0.6 ± 0.2), in mm, from the center of the
BMF055 chip with pin number 1 located at the upper left corner of the SoC.
FIGURE 4.21: Geomagnetic sensor location experiment results.
A gray rectangle in the background correspond to the
dimensions of the BMF055 chip. All values are raw reported
digits.
A new base was designed to mount the coil in alignment with the newly
found axis after finding the center of the magnetometer. In order to verify
the crosstalk reduction, data from a previous experiment was compared with
readings of the correctly aligned sensor.
A comparison of raw data from the three axes measurements from the
previous and current generations can be seen in Figure 4.22. The sensor
readings correspond to an experiment with only normal force, in which no
shear force was applied to the module. The data obtained from the reference
F/T sensor1 displayed in the first row of graphs confirm this setting. The
maximum current values used were 1500mA and 500mA for the previous
and new versions of the coil, respectively.
1Nano17 from ATI.
4.3. Fourth Generation 93
FIGURE 4.22: Raw crosstalk data. Left: Previous sensor
generation with large values for crosstalk between axes and
saturation. Right: New generation of the sensor with
minimized crosstalk.
Due to the significant reduction in the size of the sensor, the changes in
the characteristics of the middle material and the coil, and the differences in
force and current applied to the two versions, it is difficult to directly
compare the two sensor generations. In consequence, in order to establish a
more accurate comparison between the crosstalk performance and the two
sensors, Figure 4.23 was prepared. In it, the raw data values from
Figure 4.22 have been processed to overcome the differences between the
sensor generations. The percentage of crosstalk relative to Z axis readings is
used as the dependent variable, while pure pressure in KPa units (Z axis
only) is used as the independent variable. The figure indicates the
saturation points of the Y axis value of the previous generation, as well as
the maximum pressure values applied on each generation.
These experiment results exhibited a serious misalignment between the
magnetometer and the coil axes of the 3rd Generation of the module. This is
confirmed from the significant output from X and Y axes—reaching 100%
higher values than those of Z axis and saturating Y axis on several
occasions—while exclusively normal force was exerted on the sensor.
Nevertheless, the 4th Generation has been tested with approximately 3
times higher levels of pressure and the crosstalk between axes remains below
20%. Therefore, the readings of X and Y axes have been greatly diminished
for the cases in which the main pressed axis is Z. Both shear axes still report
low values, however, this situation is to be expected because the sensor’s
internal components for each individual axis cannot be physically positioned
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FIGURE 4.23: Processed crosstalk data: percentage of crosstalk
from X-Y (shear axes) related to Z pressure (normal axis).
at the same exact location inside the SoC. Furthermore, the X and Y values
report similar readings during the experiment, which supports the idea that
the alignment has been corrected.
Finally, the crosstalk has been minimized to a value that can be
compensated by a calibration procedure. This will be discussed in
Chapter 5.
4.3.3 Multimodal Capabilities
For this last iteration of the sensor module, two new modalities were added
to the module: proximity sensing and normal force sensing. Both new
modalities are based on capacitive sensing technology. A thin conductive
material was added between the Sensor Board and the Middle Layer, and
connected to a capacitive measurement circuit. With these new components,
the sensor can perceive the approach of an object towards the module. The
capability and distance of detection would be conditioned by the shape and
material of the object. After the approach, if the object exerts normal forces
onto the sensor, these forces can also be registered by the capacitive circuit,
thus, providing an additional source of data to the magnetic-based force
sensing. The location of the capacitive layer has been identified in
Figure 4.16.
I consider that these new capacitive sensing modalities deserve a chapter
of their own and are, therefore, presented in detail in Chapter 6.
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4.3.4 4th Generation Conclusions
A substantially improved 4th Generation of the skin sensor module has been
presented. The overall footprint of the module has been reduced to 1/4 of
its original size by redesigning the coil and the middle material. Subsequent
experiments confirmed that the characteristics of the sensor remained
suitable and aligned with previous requirements.
Furthermore, after the redesign, the maximum current necessary to
power the coil has been reduced to 1/3 of that of previous generations—to
500mA—achieving the same magnetic intensities and lowering the average
operating temperature. However satisfactory, the new maximum current
value is still considerable for a network of sensors. Possible solutions to
mitigate this problem are offered in Chapter 6.
The problem of high crosstalk between the axes has been greatly reduced
by the location of the geomagnetic chip inside the BMF055, and the
posterior redesign of the sensor’s mounting structure to align the magnetic
field of the Coil Board with the newly found magnetometer position.
Chapter 5 demonstrates a calibration method that can compensate for the
remaining small percentage of misalignment.
4.4 Conclusions
An iterative design process was presented in this chapter. Three additional
generations where presented, based on the 1st Generation concept introduced
in Chapter 3.
The 2nd Generation addressed three problematic areas from the 1st
Generation: (1) high temperature of the coil, (2) weak induced magnetic
fields and (3) low deformation of the Middle Layer.
To address these issues, a new Coil Board was manufactured on a thinner
PCB but with thicker copper traces. As a consequence, the resistance of the
coil was reduced and the temperature remained within acceptable levels
(under 45◦C). Additionally, a new material, neoprene, was tested for the
Middle Layer. It yielded better deformation results and it was possible to test
it with 10 times as much normal force and 3 times as much shear force than
the previous generation. All improvements were implemented without
increasing the overall size of the module.
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The 3rd Generation optimized two aspects from the 2nd Generation of the
module: (1) the generated magnetic field shape and intensity, and (2) the
shape of the Middle Layer material.
To accomplish objective (1), the idea of adding a neodymium magnet at
the central point of the coil was proposed to boost the induced magnetic field
towards the central axis. Three cases of small neodymium magnets were
tested and the best one was adopted for future iterations. Regarding (2),
several shapes of neoprene material were considered and tested. The best
one, the ’Partial’ shape, was selected and used with a wider spectrum of the
magnetic sensor. Specifically, a threefold increase on the normal axis and a
fourfold increase for the shear axes.
The final 4th Generation focused on enhancements to the entire sensor
design rather than on individual components. In this case, three areas were
studied: (1) the size reduction of the module, (2) the minimization of
crosstalk between the magnetic measuring axes, and (3) the multimodal
capabilities of the sensor.
These objectives were reached by a pivotal change in the Coil Board
concept. The thin PCB was discarded and, to replace it, a small coil was
manually wound. This prompted changes to the shape of the material of the
Middle Layer, which was replaced with a small cylindrical part (using the
same neoprene 5mm thick from previous iterations). The second objective
was fulfilled by an exhaustive investigation of the center of the geomagnetic
sensor inside the BMF055 SoC and the posterior redesign of the mounting
base for the sensor module. Finally, multimodal capabilities were
introduced with a capacitive circuit and a conductive pad. Details about
these features are presented in Chapter 6.
In conclusion, each Generation improved upon the previous one,
approaching a compact multimodal sensor. In the next chapter, several
important characteristics of the sensor module are studied in detail.
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Sensor Characterization
This chapter will present experiments and calculations performed to
determine several characteristics of the sensor module.
In order to gather data for the following sections, a similar setup to the
one presented in Chapter 4 was utilized. The sensor was mounted
horizontally on a programmable XY table1. Next, a 6-axis F/T sensor2 and a
voice coil motor3 were connected in series. The latter pressed down on the
sensor module with normal force.
Figure 5.1 shows the experimental setup. Since the voice coil motor and
the programmable XY table operate based on magnetic principles, plastic
spacers were produced and placed below and on top of the sensor module.
The magnetic fields that they generate during operation can be sensed by the
geomagnetic sensor. Thus, to minimize their influence on the sensor module,
the plastic spacers were positioned to provide distance between the sensor
and the setup components. The heights of the spacers are 20mm for the spacer
on top of the sensor and 15mm for the one below it. Figure 5.1 does not
display the first spacer, the one positioned on top of the sensor, as it would
block the compact sensor module in the picture.
The embedded microcontroller in the module was reprogrammed and
all data from the sensor was, from this point onward, obtained at a rate of
30Hz—three times the frequency of previous experiments. Data from the
F/T sensor was acquired at 100Hz. Steps of incremental normal force were
applied to the sensor module until a maximum value of 41.44N was reached.
Several datasets were obtained with the same experiment setup, powering
the coil with different current values.
1CTS150 from IKO.
2Nano17 from ATI
3VMS05-180-LB from H2W
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FIGURE 5.1: Force experiments setup.
5.1 Sensor Calibration
To calibrate the sensor, several sets of data were acquired by exerting known
values of normal and shear forces onto the sensor module using the
aforementioned test setup. Similar to previous force experiments, to obtain
normal force data, the sensor was pressed down with force values in
incremental steps. Shear force data points were collected by initially
pressing down the sensor with 7N of normal force to prevent slippage, and
later displacing the XY programmable table to a maximum of 2mm from the
starting center point. Displacements were made independently for X and Y
axes, in both directions: positive and negative. During all the experiments,
the current on the coil was set to 500mA.
To calibrate the sensor, six linear regression models were trained and
quantified: robust Huber regression and ordinary least squares (OLS)
methods combined with a linear, quadratic and cubic polynomial models.
All calculations were executed using classes included in the linear_model
library of the ’scikit-learn’ framework [114]. Training and validation of the
models were performed with different datasets.
A window of 0.5s of data was omitted at on each force step, in order to
eliminate transient responses from the F/T sensor and the sensor being
tested. No data filtering or other type of processing was applied to the
recorded datasets of the sensors. Both shear and normal force sets of
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validation data were used to calculate mean squared errors (MSE) and
coefficients of determination (R2) for each regression model to later compare
and contrast them. The obtained values are presented in Table 5.1.
TABLE 5.1: Regression models comparison parameters: Mean
squared error (MSE) and coefficient of determination (R2) for
both normal and shear forces.
Regression Model
Normal Shear
MSE (Z) R2 (Z) MSE (X) R2 (X) MSE (Y) R2 (Y)
OLS + Linear Model 32.5288 0.7681 0.0299 0.8154 0.0366 0.8651
OLS + Quadratic Model 5.4828 0.9609 0.0190 0.8831 0.0343 0.8733
OLS + Cubic Model 59.3913 0.5766 0.0171 0.8944 0.0307 0.8867
Huber + Linear Model 44.0833 0.6857 0.0304 0.8123 0.0383 0.8586
Huber + Quadratic Model 2.6558 0.9811 0.0255 0.8428 0.0398 0.8531
Huber + Cubic Model 24.0075 0.8288 0.0193 0.8808 0.0324 0.8803
The method marked with bold font in the table is a robust Huber
regression with a 2nd-degree polynomial model, which yielded the best
results. It shows the maximum fitting value R2 at 0.9811 along with the
lowest MSE value of 2.6558, for normal force results. Meanwhile, all
calculated MSE results remain low and similar for shear forces, regardless of
the method; whereas R2 values reached levels between 0.80–0.90; a
reasonable fit for the small values of tested shear forces.
Figure 5.2 exhibits the processed F/T sensor data, and the sensor
module’s pre- and post-calibration raw values for the training dataset.
The linear combination of the 3-axis calibration data has the following
quadratic polynomial format:
y = A + B · x + C · y + D · z + E · x2 + F · (x · y)
+ G · (x · z) + H · y2 + I · (y · z) + J · z2
(5.1)
The ten Huber coefficients (A–J) can be found in Table 5.2.
It is particularly important to note that the pre-calibrated small readings
of X and Y—which likely correspond to a minuscule misalignment between
the induced magnetic field of the coil and the magnetic sensor measuring
axes—are correctly compensated by the calibration method.
Despite the satisfactory results, a more thorough calibration could be
achieved by repeating the procedures explained in this section using larger
forces for the shear axes and different current values on the coil.
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FIGURE 5.2: Huber linear regression calibration results. The
coil was powered with 500mA.
TABLE 5.2: Calibration coefficients for the Huber regression
formulation.
Coefficient Value
A 2.91556965 e-06
B -1.24058226 e-04
C -1.10694804 e-04
D 1.01543650 e-03
E 5.00516363 e-06
F -1.33913684 e-04
G -9.48834909 e-06
H 1.55757250 e-05
I -4.18947663 e-06
J 7.62128113 e-06
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5.2 Hysteresis
After calibrating the sensor, it is possible to generate graphs that compare a
reference sensor with the developed module under the same force unit
(Newton).
Figure 5.3 displays calibrated sensor normal force output of a validation
dataset. Correspondingly, Figure 5.4 shows calibrated sensor shear forces
output for X and Y axes of the validation set, along with raw data from the
sensor and F/T sensor for each axis. The shear experiments focused only on
the lower end of the shear force-sensing spectrum—i.e., sidewise
displacement rather than maximum attainable shear force sensing.
FIGURE 5.3: Normal force calibrated sensor output. The coil
was powered with 500mA.
From these results, the hysteresis of the sensor can be calculated using
equation 5.2.
Hysteresis% =
∣∣∣∣ Fmu − FmlFmax − Fmin
∣∣∣∣ · 100% (5.2)
For normal force calibrated data, Fmu(= 22.60N) and Fml(= 20.26N) are
the calculated values of the unloading and loading cycles, respectively. The
cycles are indicated in the normal force results of Figure 5.3; similar
procedures were followed for the shear force results. A vertical red line
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FIGURE 5.4: Shear force calibrated sensor output. First row:
Raw force from the sensor for X and Y (in blue) and from the
F/T sensor (in red) . Second row: Calibrated responses of each
axis. The coil was powered with 500mA.
marked in the graph represents the middle point for the tested force range,
19.78N on the horizontal axis, for which Fmu and Fml values were extracted.
Meanwhile, Fmin(= 0N) is the averaged minimum measured force, and
Fmax(= 39.55N) the averaged maximum for the normal force experiment.
Consequently, the calculated hysteresis value for pure normal forces
applied to the sensor module is 5.91%. When compared to other magnetic
sensors—like [56]—that reported hysteresis values for normal forces of
approximately 20%, the result for my sensor is reasonably low.
Hysteresis values for X and Y axes were determined using the same
procedure, being 10.75% and 14.21%, respectively.
5.3 Signal-to-noise Ratio
A common parameter for testing sensors is the signal-to-noise ratio. It gives
an approximation on how the sensor signal is affected by noise, which is
also related to the minimum sensing value. In the case of this study, the
signal-to-noise ratio (SNR) depends on two parameters: the configurable
5.4. Adjustability Curves 103
current applied to the coil and the force exerted on the sensor. One method
to determine SNR is introduced in [115] employing the following equation:
SNR =
|µU − µP|
σu
(5.3)
where:
σu = not loaded sensor standard deviation value
µP = loaded sensor average value
µU = not loaded sensor average value
Since the geomagnetic sensor fundamentally operates as a
voltage-measuring device—in other words, an amplitude-related
quantity—in lieu of equation 5.3, I will use the equation 5.4 which outputs
are expressed in the more convenient and comparable decibel units.
SNRdB = 20 · log10
(
|µU − µP|
σu
)
dB (5.4)
To calculate µU and σu, three initial seconds of data were recorded from
the module without any load applied to it. Meanwhile, µP values were
obtained by applying incremental normal forces on the sensor (using the
setup described above), while powering the coil with five different current
values: 0mA, 200mA, 300mA, 400mA and 500mA. Figure 5.5 shows the
obtained curves for SNR.
The results illustrate that SNRs of the sensor are between 58dB and 65dB,
which are high and analogous ranges to those presented in some of the
similar magnetic sensors, for example, in [116].
Particularly, it can be noticed that the force exerted on the sensor has a
greater influence on the SNR than the current values on the coil. This shows
that, unlike other gain-based amplification, this sensor is able to increase its
sensitivity without amplifying the signal noise. This represents an important
validation for one of the special features of the module of this thesis.
5.4 Adjustability Curves
As stated above, the sensitivity of the sensor module can be adjusted without
amplifying the noise of the signal.
As a result of this, if coarse values of force need to be sensed, the
sensitivity of the sensor can be set to a low level. Conversely, if small-scale
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FIGURE 5.5: SNR curves. Normal force results for 5 current
values on the coil. Ratios depend on current on the coil and
force applied on the modules.
variations of force need to be recognized—i.e., interaction with delicate
objects—the sensor can be set to a higher sensitivity preset.
The possibility to adjust the sensitivity of the sensor is convenient
because it expands the sensing range without reducing its resolution and,
most importantly, it can be applied during operation without stopping any
task or restarting the measurements or physically modifying the device.
To verify this function, the same experimental data previously described
was utilized. Five current values were fed to the coil while a maximum
normal force of 35N—reached in incremental steps—was applied to the
sensor.
Figure 5.6 displays the obtained curves relating the sensed magnetic
field intensity for Z axis (in millitesla) to the force applied to the module (in
Newton).
The results verify that the sensitivity of the module may indeed be
adjusted in real-time. The gradient of the curves display larger variation as
current values increase. For example, when powered with 500mA, the
difference in measurement increases to 0.055mT for a force step change from
4N to 7N. However, if we consider the same force step, a difference of
0.025mT is reported when the coil is powered with 0mA. These differences
widen as the applied force values increase.
As explained in Chapter 3, the quadratic shape displayed in the curves
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FIGURE 5.6: Adjustability curves. The gradients of the curves
change for each different current value.
corresponds to the densification area from the stress–strain curves of
elastomers. A more linear sensor response, with steeper slopes, would be
desirable. Future works could study possible different materials—with a
more linear deformation behavior—to replace the neoprene used in the
Middle Layer.
5.5 Minimum Detectable Forces
Another experiment was conducted to find the minimum detectable force
that the magnetic sensor can measure. For this purpose, six small
non-conductive rubber objects weighing 1g, 2g, 3g, 4g, 5g and 10g were
placed on top of the sensor. A baseline set was also recorded with no weight
on the sensor. Ten seconds of measurements from the magnetic sensor were
registered and averaged for each object. During the experiment, in order to
use the highest sensitivity of the sensor, the coil was powered with 500mA.
Figure 5.7 displays processed results. Average and standard deviation
values are presented for each point. The standard deviation of the baseline
value has been highlighted horizontally with red background color as a
visual aid. From these results, it can be noticed that the first value outside
the red area expanding from the SD of the baseline that the magnetic sensor
can measure is between 3g f and 4g f . It represents the minimum detectable
normal force of the sensor. In the following chapter, a possible use of the
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capacitive sensor is discussed where this minimum detectable force
threshold is lowered to 1g f .
FIGURE 5.7: Minimum detectable normal force experiment
results.
5.6 Maximum Detectable Forces
Considering the maximum normal force value of 41.44N reached during the
calibration experiments of this chapter, and the contact area of the 4th
Generation of the sensor—15mm × 15mm = 225mm2—it can be easily
estimated a manageable normal pressure higher than 184 KPa. Which
represents a 370% increased upper limit from the previous generation,
where experiments could only reach a maximum value close to 50 KPa of
pressure (calculated from the contact area of the Coil Board of
30.5mm× 30.5mm = 930.25mm2 and the maximum normal force of 47N).
In conclusion, the 4th Generation of the sensor module has a range of
approximately 4 − 4220 g f . Or normalized to pressure, a range of 0.173 −
184 KPa.
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5.7 Sensitivity
The sensitivity of a sensor can be defined with equation 5.5.
Sensitivity = ∆S/∆F (5.5)
In the calibration dataset, a total of 24 different load levels were
collected. The first and last correspond to the same level of the sensor
without load, and the two middle points correspond to the maximum load
level. The remaining 20 are divided half and half into Loading and Unloading
force levels. Therefore, 22 sets of force can be calculated for the sensor and
the reference F/T sensor using equation 5.5. The average sensitivity for the
sensor, calculated from all the points, is 1.1202± 0.2502. This result will be
used in subsequent formulations.
5.8 Resolution
The resolution of the sensor is the minimum detectable force (for a specific
bandwidth). It can be calculated with the following equation:
Resolution = NL/Sensitivity (5.6)
NL, ’No Load’, is the RMS noise of the calibrated sensor when there is no
load applied on it (in our case, measured at 30Hz). To calculate this value, I
took 100 samples when the sensor was not under any load. After averaging
those values, the result is 0.01551N or 1.58g f . Therefore, using equation 5.6,
the resolution of the sensor is found to be 0.01384N or 1.4g f .
5.9 Accuracy
The accuracy of a sensor is the maximum difference that exists between the
actual force and the calibrated measurements obtained from the sensor.
Accuracy can be expressed either as a percentage of full scale or in absolute
terms. The accuracy for several points of the calibrated sensor can be seen in
Figure 5.8, the equation 5.7 used to calculate each is the following:
Accuracy(%) = 100−
|(Savg − Favg)|
I f s
· 100 (5.7)
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where Savg and Favg are the average values of sensor output and reference
F/T sensor output at one load point, respectively. While I f s, is the maximum
full-scale value of the sensor.
FIGURE 5.8: Sensor’s accuracy during different load forces.
Load and Unload curves overlap on force values.
On the plot, the difference between Loading and Unloading force points
can be noticed because even for points of force that are close to one another,
the accuracy values can vary up to 6%. Nevertheless, the overall accuracy of
the sensor is above 93% for all tested points.
5.10 Response Time
The response time can be defined by measuring the rise-time or fall-time
between two quasi-static state values of the sensor output. In our case, at
an operating rate of 30 Hz, it was found that in the slowest scenarios, 6 time-
steps are required to reach a new quasi-static state. Therefore, the response
time of the sensor is calculated to be, at least, 200 ms.
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5.11 Linearity
The linearity of a sensor expresses the amount of deviation of the sensor
output from an ideal linear response, in percentage. For the case of my
sensor module, this quantity can be calculated with the equation 5.8 and the
results presented in Figure 5.3.
Nonlinearity % =
Dmax
I f s
· 100% (5.8)
where, Dmax is the maximum deviation from the ideal linear
response—marked with a green diagonal line in the diagram—and I f s is the
maximum value of the input. For the module, the maximum deviation
appears at the point with coordinates (20.41, 23.25). Thus, the nonlinearity
error of the sensor is 7.18% for Z axis . While, 19.47% results for X axis and
19.33% for Y axis, values which are less adequate. Figure 5.9 contains
notations of the points employed for the calculations related to normal
force. Analogous points were used for the shear force cases.
FIGURE 5.9: Nonlinearity in sensor.
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5.12 Conclusions
This chapter has studied and presented several characteristics of the sensor
module.
From the six calibration methods investigated in Section 5.1, a Huber
regression with a polynomial model of 2nd-degree was chosen as the best
fit. The normal force hysteresis experiment yielded 5.91% and the SNR tests
reported ranges from 45dB to 64dB. Both values are comparable to magnetic
sensors with similar characteristics.
The minimum detectable force tests demonstrated that the lower limit
for the magnetic sensor is ≈ 4g f (with a 500mA of current in the coil). On
the other end of the spectrum, the maximum tested force was 41N for
normal force experiments (4.18Kg f or, considering the contact area of the
new coil, 184 KPa of pressure), thus covering a wide range of force to handle
daily objects. Consequently, one of the objectives set for the module has
been achieved.
The sensitivity adjustability curves confirm that the sensor can adjust its
sensitivity in real time by changing the current values powering the
electromagnet of the Coil Layer. Meanwhile, the SNR curves indicate that the
ratio between the noise and the signal from the magnetic sensor remains
low for different force and current values.
Lower non-linearity percentages would always be preferable. The
physical attributes of the soft material that compose the Middle Layer highly
influence the linearity and hysteresis profiles of the sensor. To decrease these
two characteristics, other materials will have to be considered in the future.
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Multi-Modality and Sensor
Network
As mentioned by the end of Chapter 4, for the 4th Generation of the sensor
module I have added a capacitive sensing circuit. The first half of this
chapter will, therefore, focus on the sensing modalities that the addition of
this circuit brings to the module. The second half of the chapter will focus
on strategies for connecting the modules into networks to create extended
robot skin patches.
6.1 Multi-Modality based on Capacitive Sensing
Two new modalities have been added to the sensor module: proximity and
normal force, both based on capacitive sensing technology.
A capacitive pad of conductive material was added between the Middle
Layer and the Sensor Board. With it, not only the approach of an object can be
sensed but also the subsequent force interaction with the module. Figure 4.16
shows the location of the capacitive layer. The decision for the capacitive pad
to be positioned on the Sensor Board was based on two conditions:
1. Minimizing the wiring connected to the sensor’s top layer.
2. Adding a capacitive sensing modality: not only use the capacitive
circuit as a proximity measuring sensor but also as an additional
normal force measuring unit.
With regard to the first item, increasing the wires connecting the moving
parts of the sensor modules could negatively influence measurements.
Currently, only the cables carrying power to the coils interconnect the upper
layers of the sensor module. Experiments will need to be performed to
examine options to mitigate any negative effects.
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Regarding the second item, having placed the capacitive pad in that
location, the sensor module can operate in two modes that I will refer to as
the proximity detection, ’Mode P’, and the normal force detection, ’Mode F’.
This is analogous to the works of [70].
Mode P is used to sense proximity. When no external forces are exerted
on the sensor and the Middle Layer is stationary, the coil produces a static
influence in the capacitive measurements. Ergo, the capacitive sensor would
only detect changes in capacitance due to an object’s approach (often called
virtual ground). When external forces get in contact with the module, the
Middle Layer’s compression closes the distance between the capacitive pad
and the coil. In this situation, the capacitance change is directly related to the
distance between the capacitor plates—in other words, between the coil on
the top layer of the sensor and the capacitive pad. This effect is what I call
the Mode F sensing modality. Similar methods for sensing normal force has
been presented in several tactile sensor projects, such as [64], [65], [68], [69].
The principle behind the capacitive sensor is fundamentally different
from all other types of sensors inside of the Sensor Board, including the
geomagnetic sensor. As a result of this, it is important to notice that these
new modalities may be used as complementary and independent
measurements.
The ability to perform pre-touch measurements even when the sensor is
fully covered is another advantage of capacitive sensing. Although other
proximity sensing technologies require a direct line of sight to measure (in
some cases achieved with holes or transparent covers), my sensor module
can be entirely covered with a continuous material that can be opaque.
Therefore, to increase the passive compliance of the robot, a layer of soft
rubber can be placed on top of the arrangement of sensor modules.
For both capacitive sensing modalities, I have used the ’CapTouch
Programmable Controller’ AD7147 sensor from Analog Devices and a patch
of conductive tape connected to one of the 13 sensing pads of the chip. The
tape is a ’Shield Tape’ 2KNZ-ST50 from Kyowa Harmonet. Readout values
from the sensor are processed at a rate of 250Hz by an Arduino Due.
For all the experiments presented in this chapter, the capacitive circuit
has been placed in a separate PCB from the Sensor Board. Nevertheless, the
reduced footprint of 4 × 4 mm of the AD7147 chip, along with the small
number of required electronic components to operate it, are suitable to be
included in the same PCB of the Sensor Board. In that case, the capacitive
readings could be directly managed by the inbuilt microcontroller of the
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BMF055.
Unwanted capacitive coupling of the sensor can be minimized by using
the active shielding mechanism offered by the AD7147 chip. This could be
useful for situations where the sensor module is mounted on a mechanical
structure (e.g., a robotic arm link) with active components such as motors.
For these tests, however, the shield has not been necessary as the sensor was
fixed on a plastic 3D-printed block placed on a non-conductive table made of
wood.
Experiments for both sensing modalities—Mode P and Mode F—will be
presented in the following sections.
6.1.1 Mode P: Proximity Sensing
Mode P sensing was designed to anticipate a contact event; in other words, to
detect a ’pre-touch’ event. Different strategies—such as the ’Dormant Coil’
strategy presented in Section 6.1.4— could be implemented to integrate this
new information.
As it was already mentioned, a network of sensors can be completely
covered with a continuous material and the capacitive proximity sensing
would not be affected, which is an important advantage over other sensing
mechanisms. However, an understandable disadvantage is that the
possibility of detecting an object approach and the detection range are
strongly related to the object morphology and material. For example, objects
made from conductive material would be detected from larger distances. I
think this is a valid compromise and more useful for real industrial
implementation. Furthermore, the generally insufficient tidiness of
industrial environments means that sensors without covers—or any orifice
in a cover—could be blocked with lubricant, machining scraps or chips,
dust or other materials.
To test the new pre-touch modality, the sensor was horizontally fixed on
a tabletop and the coil was powered with 500mA of current, while the Sensor
Board broadcast magnetic measurements. A human hand approached the
sensor from the top, as it can be seen in the picture on the left of Figure 6.1.
The figure also presents the conductive tape used as capacitive pad, with
an attached connector, and the capacitive circuit with shielded connectors.
Sets of data were collected from the capacitive circuit, taking 10 seconds of
readings at each distance point. The average of all the measurements was
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calculated to minimize any involuntary vibrations of the hand during the
experiment.
The measurements from the capacitive circuit include a 5-second
baseline acquisition phase at the beginning of each experiment, which is
then averaged and used as a baseline value. Thus, all reported readout
values in Figures 6.2 and 6.3 are offsets from these initial baselines.
FIGURE 6.1: Capacitive sensing experiment setup for ’pre-
touch’. A human hand closes the distance to the sensor from
the top. Pictures of the conductive pad with connector and of
the PCB of the capacitive sensor.
Results from the pre-touch experiment are presented in Figure 6.2.
Table 6.1 shares the values with which the figure was constructed. They
show an expected exponential response on the capacitive sensor to the
approach of the hand. A fitting curve was computed using the Optimization
class from the SciPy library [117], with a non-linear least-squares solver and
an exponential model with two terms. The equation presents the following
format: y = a e b x + c e d x with [417.068, −0.327, 563.02, −25.315] for a,b,c
and d values, respectively.
It should also be noticed that when the distance to the sensor decreases,
the standard deviation values increase. The sudden increase in SD ranges
could correspond to large fluctuations in sensing values that appear from
amplified unintentional vibrations when the hand is closer to the sensing
pad. For the case presented in this experiment, the object that is
approaching the sensor seems to be detectable with some level of confidence
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from a distance close to 10cm—at this point, the reported sensor values
surpass by approximately 30 units the initial baseline, with a very small SD
value.
TABLE 6.1: ’Pre-Touch’ experiment values
Distance Sensor readouts
(cm) (∆ digits)
20 4.325± 1.191
14 8.976± 1.766
11 13.200± 1.660
9 28.392± 1.755
7 40.014± 2.081
5 73.036± 2.584
3 162.013± 7.659
1 299.989± 21.367
(contact) 0 980.087± 131.804
FIGURE 6.2: Capacitive proximity sensing: ’Pre-Touch’
experiment results.
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A matrix of coils of interconnected sensors would partially cover the
capacitive pads for a robot skin patch. This may have some impact on the
practical use of Mode P or on the sensing limits of this mode. Such
implications should be analyzed in the future.
6.1.2 Mode F: Normal Force Sensing
When normal force is applied on the sensor, the capacitive values change
in a different manner than those of Mode P. Experiments were designed to
investigate the behavior of the sensor for this case, called Mode F.
In order to assert that the results of Mode F will not be affected by the
material of the object applying force, two sets of objects were tested:
conductive and non-conductive.
For the first group, five conductive objects—5g, 10g, 20g, 50g, and
100g—from a weight calibration kit were placed on the sensor. The material
of this set of objects is grade 45 steel. For the non-conductive group,
different quantities—1g, 2g, 3g, 4g, 5g, 10g, 20g, 50g, and 100g—of
uncooked dry rice were introduced into a polyethylene plastic container
and then placed on the sensor.
The weights employed were deliberately selected to check whether it
was possible to compensate for the lower limits of the magnetic force sensor,
especially for the case of non-conductive materials, which may report
smaller differences in values of the capacitor sensor.
Before the experiment, all objects were weighed on a resolution scale of
0.01g. During the experiment of the two groups of objects, the sensor
module was operational: the coil was energized (500mA) and the Sensor
Board readings were broadcast continuously. For each object, 8 seconds of
data were recorded. The mean value along with the standard deviation
from the dataset are reported on the charts. Figure 6.3 shows the results of
the two experiments.
Interestingly, for the normal force measurements, the non-conductive
and conductive groups of objects seem to behave in a similar fashion—i.e., a
linear manner. This effect might be the convolution result between the
quadratic deformation profile of the middle material and the capacitance
measurements results.
A linear model with the following equation fits both datasets: y = a x + b
where a = 9.393 and b = 15.927 for the non-conductive set of objects, and
a = 8.221 and b = 30.051 for the conductive set.
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Figures 6.2 and 6.3 demonstrate that Mode F and Mode P feature different
characteristics. The distinctive patterns could help distinguish between the
two modalities.
Concordantly, Mode F showed results that signal that the capacitive
normal force measurements could provide support on the low ranges of
force—from 1g f onward—of the magnetic normal force measurements.
Detecting upper limits for the two capacitive modalities and
characterization analysis is a topic for further research.
FIGURE 6.3: Results of the capacitive normal force experiments.
(a) Conductive objects. (b) Non-conductive objects, including
details for weights 1− 5 g f .
6.1.3 Capacitive Sensing: Single Module versus Multiple
Modules
There are some advantages and disadvantages to including the capacitive
sensing circuit in the sensor module PCB versus using it as a separate board.
Some general concepts that focus on connecting together several capacitive
patches have been discussed in [70].
In the case of the sensor module of the present work, using a separate
circuit offers the possibility of connecting multiple capacitive pads from
different sensors, which in turn would increase the sensing distance of the
capacitive proximity modality. Nevertheless, using a single capacitive
circuit with several pads connected together would virtually render Mode F
very impractical—or impossible—to implement.
Au contraire, if each sensor module included a separate capacitive circuit,
with the capacitive pads discretely distributed over a surface, higher sensing
resolution and improved ability for the localization of an approaching object
could be achieved. Nevertheless, this scenario would increase the cost of the
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sensor unit (due to the added circuitry), the complexity of the software inside
the BMF055 and the connections between modules and the master controller.
The sensor module presented in this work can be modified to operate in
both cases. The microcontroller inside the BMF055 could conduct the
capacitive reading and pre-process data before broadcasting out to the main
skin controller. The compact size of the AD7147 allows for its insertion into
the Sensor Board (albeit requiring modifications to the PCB). The balance
between expected capabilities and disadvantages would have to be
analyzed depending on the specific use case of the skin.
Furthermore, an appropriate balance between the two options—single
versus multiple capacitive chips—could be achieved by utilizing the 13
sensor inputs that are available in each AD7147 chip. In other words, the
Sensor Board could be designed in two ’flavors’: (A) Capacitive and (B)
Non-Capacitive. ’Capacitive’ boards could be connected to capacitive pads
from surrounding ’Non-Capacitive’ Sensor Boards to provide higher
proximity sensing resolution. In theory, the multiple capacitive pad
connections could be actively managed by the microcontroller onboard the
BMF055. These complex use cases would have to be studied in the future.
6.1.4 Energy Management on the Coil
Even though the current values required on the Coil Board have been
significantly reduced to 1/3 from previous generations, it would not be
practical to operate several sensor modules at the highest current value
(500mA), constantly.
Three possible ways are presented in order of preference to mitigate this
issue:
(A) Dormant coil strategy: By integrating the proximity capacitive
sensing, the coil of the module could remain in a dormant state—with
no current passing through it—while there is no interaction with the
sensor. Then, when a threshold is surpassed in the proximity
measurements, a trigger would wake up the coil to prepare it for
interacting with external forces. This would significantly reduce the
energy consumption of the unit while it is not in contact with any
external forces. This method presents two disadvantages: (1) objects
that cannot be sensed through capacitive proximity sensing will not
wake up the coil, and (2) the latency of the system could omit brief or
very light interactions.
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(B) Lower sensitivity default setting: A lower sensitivity setting could be
adopted as the default preset for the sensor module, thus operating on
a lower consumption level by default. To find a practical minimum
value for the lowest sensitivity preset more experiments would have
to be conducted. However, since the sensor embeds a permanent
magnet into the Coil Board, the unit is capable of sensing force without
any power on the coil. The same disadvantages from the dormant coil
strategy are to be expected, that is to say, brief or interaction forces
may be ignored.
(C) Composition of parallel and series connections on the coils: The Coil
Boards could be interconnected combining parallel and series
connections. In this case, the total power required by the
electromagnets group will not change, but more achievable or
practical voltage/amperage combination of values could be reached.
Each coil of the 4th Generation draws approximately 0.2V at 500mA,
when applying the maximum sensitivity setting. A disadvantage of
this method is that to follow specific voltage and current target values
across even a small number of interconnected coils would add
complexity to the design of such a network.
Finally, it should be mentioned that a combination of these options could
be implemented simultaneously.
6.1.5 External Magnetic Field and Material Properties
Detection Capabilities
It has been experimentally confirmed that the coil can be adjusted to simulate
the conditions of having no magnetic field on the Z axis. This can be done by
inverting the polarity on the connections of the electromagnet and passing a
predefined current value through it until the induced magnetic field has the
same intensity but the opposite direction to that of the permanent magnet.
Under these conditions, the Z axis of the geomagnetic sensor included in the
BMF055 would sense 0mT of magnetic field force. A diagram of this situation
is presented in Figure 6.4.
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FIGURE 6.4: Inverting the controllable magnetic field.
By emulating the conditions of no magnetic field on the magnetic sensor,
the module can detect external magnetic fields. This is a situation that
normally cannot be achieved with other magnetic-based sensors, and can be
used to adjust consequent measurements—for example, it could be used to
offset the magnetic influence of a nearby magnetic component, like a motor.
Two important aspects of this strategy should be pointed out:
1. The orientation of the sensor is not trivial: The Earth’s permanent
magnetic field influences the readings of the sensor—in fact, the
geomagnetic sensor was specifically designed to measure it. Therefore,
the needed amount of current on the electromagnet will change
depending on the inclination of the sensor with relation to the Earth’s
magnetic field. This can be compensated for by employing the IMU
unit inside the BMF055, which reports absolute values of orientation.
The system can be trained to automatically adjust the current for the
coil depending on the orientation of the unit.
2. Single-axis destructive interference: Due to the tridimensional
topology of the magnetic fields, the destructive interference effect can
only be achieved for a single axis at a time. This results from the fact
that the permanent magnet and the electromagnet-generated fields
present distinctive geometries.
In addition to the magnetic/non-magnetic feature, the sensor module can
also sense another magnetism-related aspect of an approaching object: its
ferromagnetic property.
If the object is conductive, it can be assumed that the capacitive
proximity sensor will detect the approach. The distance on which the
proximity can sense the object would depend on its size and density, among
other characteristics. If the approaching object is ferromagnetic, the
permanent magnet (as well as the coil, if it is powered) will experience a
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slight pull towards the object. In this case, the magnetic readings will show
values that indicate that the top layer of the sensor is increasing its distance
from the Sensor Board—in other words, it is elongated outwards instead of
being subjected to normal compression. In the case that this effect is not
registered, it could be assumed that the object is non-ferromagnetic.
6.2 Sensor Network Strategies
There are several options to inter-connect the sensor modules together and
cover larger areas with tactile and proximity sensing. A trivial solution is to
connect all the modules individually to the tactile controller. This is an
acceptable alternative and possibly the fastest way of processing data from
the modules since the skin controller could be selected to feature very high
processing speeds or may even be a customized field-programmable gate
array (FPGA). Even though the direct connection with the skin controller
removes possible bottlenecks generated by a communications protocol,
either coming from physical or software limitations, it also requires the
controller to have a large number of available ports—in the worse case, one
per sensor module. So this situation represents a trade-off between speed
and complexity of connections.
Other network topologies are also possible, some advantages and
disadvantages regarding each of them are presented below.
6.2.1 Bus
Please consider Figure 6.5 for a Bus connection type.
FIGURE 6.5: Bus topology example.
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Advantages of this method:
• Simple to implement: If all ports of the sensor module are internally
connected, it is very simple to connect all modules to a single bus. In
principle, units can be connected to one another but then it is assumed
that many modules will also individually connect on the same bus.
Otherwise, it would be a daisy chain-type connection.
• Simple error detection: Provided that the error is not located on the
main bus line, errors in other communication lines should be easy to
detect and would limit the damage to the system, offering some
robustness.
Disadvantages of this method:
• Data transmission speed limitation: The bus would most likely be the
bottleneck of the data transmission. Therefore, it should be expected
that only a limited number of modules could be connected to the same
bus.
• Single point of failure: Should the bus main line fail, the complete skin
sensing system would fail.
6.2.2 Daisy chain or Ring
Please consider Figure 6.6 for a Daisy chain or Ring connection type. This case
is very similar to the Bus, with the added benefit of even simpler connections
and the added problem that any error in any place of the line would generate
a critical massive system failure.
FIGURE 6.6: Daisy-chain topology example. Ring topology is
similar except the chain it closed.
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6.2.3 Tree or Star
Please consider Figure 6.7 for a Tree or Star connection type.
FIGURE 6.7: Tree or Star topology example.
Advantages of this method:
• Error containment: Due to the connection configuration, this type
offers ’clusters’ of sensors. Therefore, any errors should propagate
only to the cluster while allowing other groups to continue operating.
Furthermore, if adjacent sensors are connected to different clusters, a
failure of a cluster would lower the sensing resolution but the system
could still remain functional.
Disadvantages of this method:
• Connections complexity: In order to take advantage of the benefits of
this connection type, the interconnections between modules would
need to be properly designed. This might not always be possible,
depending on the morphology of the surface where the skin needs to
be mounted.
6.2.4 Mesh
Please consider Figure 6.8 for a Mesh connection type. This configuration
would provide redundancy of communication routes.
Advantages of this method:
• Robustness: The main and most important advantage of this type of
connection is the redundancy in communication routes. If one path
is damaged, the same sensor module could relay the information to
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FIGURE 6.8: Mesh topology example.
the skin controller through a different route. Moreover, the complexity
of designing the system could be greatly reduced through means of a
self-organizing network algorithm, similar to the commendable works
of [75], where not only communication paths, but also error-handling
rerouting paths can be decided on runtime.
Disadvantages of this method:
• Connections complexity: It is expected that the added redundant
physical connections would increase significantly the complexity of
the system, even more than the Tree or Star connection type.
• Connections number: Naturally, the redundancy in communication
lines would result in an increase in the number of connections that the
system requires.
• Data transmission decrease: Because a node can have several
communication routes, any of which could be broken at any time, an
overhead should be expected as a result of the decision-making
process regarding which alternative route to use instead. This could
negatively impact the data transmission speed.
It is important to mention that all topologies would benefit from the ’pre-
processing’ capabilities of each sensor module. The microcontroller inside
the BMF055 can not only process the signals from the sensors but also act on
them to decide when and if to broadcast out the information to the main skin
controller.
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6.3 Conclusions
This chapter presented two new modalities for the module that employs
capacitive sensing.
The first modality—proximity sensing—was studied with an
approaching hand experiment. The results showed that a single sensor
capacitive pad with an area of 225mm2 could sense the approaching object
with some reliability from a distance of ≈ 10cm. It is important to point out
two drawbacks of this modality that are inherent in the capacitive sensing
working principle: only objects with dielectric constant higher than air can
be detected and distance sensing might not be reliable.
Regarding the first problem, detection is related not only to the dielectric
constant of the object but also to its density, size and whether it is grounded
or ungrounded. However, it is my opinion that most industrial or daily-
life environments usually include objects or entities with higher dielectric
constants than air (humans, pieces of machinery, etc) and can be sensed with
different ranges of maximum detectable distance.
Regarding the second problem, I have been referring to proximity and not
distance sensing as a feature of the sensor partly due to the capacitive
technology challenges related to the accuracy and precision of the
measurements mentioned in the previous paragraph, which are directly
connected to the difficulties in calibrating the sensor properly. Capacitance
sensing is affected by the object that is being sensed and several other
ambient variables that are highly difficult to control, such as temperature or
humidity. For this reason, measuring distance with this technology would
be neither practical nor accurate for our use-case. Instead, I have opted to
focus on proximity sensing, which can benefit from frequent baseline
recalculations, and using these offsets can notify about ’pre-touch’ events.
The second modality—normal capacitive sensing—has been proved to
work regardless of the conductivity of the objects exerting the force.
Consequently, this data could be used to complement the magnetic-based
force sensing. In fact, as it has been previously pointed out, the lower end of
the sensing spectrum of the capacitive sensor could detect forces that cannot
be felt by the magnetic sensor, i.e., ranges between 1–3g f .
In this chapter, I have presented various options for the interconnection
of the sensor modules. Each network strategy has advantages and
disadvantages. However, a final selection would depend on the availability
and preference of the robotic system on which the skin would be applied.
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Conclusion
This section presents the achievements of each chapter of the thesis, the
limitations of this research, and possible works on which to focus in the
future.
7.1 Achievements
This thesis presented the development of a 3-axis, sensitivity adjustable
multimodal sensor module that can be used for an extended robot skin.
After the iteration of design, implementation and experimentation, the
developed sensor has successfully covered the five requirements I have
outlined in Chapter 1, section 1.3. In other words, the developed skin sensor
module can actively adjust its sensitivity (allowing a broader sensing
spectrum), sense forces in 3 axes and connect to other modules to cover
large areas. It also allows the whole network to be completely covered with
a soft material. Finally, it has multimodal capabilities, including
components for proximity sensing and the ability to detect some material
properties of an approaching object.
Chapter 1 simply offers an introduction to the topic with some related
works and field background, along with objectives and novel contributions
of the thesis.
Chapter 2 presented the results of my visit to Istituto Italiano di
Tecnologia in Genoa, Italy. Small 3-axis tactile sensors developed in Sugano
Laboratory were integrated into the iCub robot with a thimble-like design
that allowed quick and easy mounting and dismounting. The full
integration of software and hardware into the iCub robot was achieved.
However, the limitations of these sensors with regards to covering large
surfaces and saturation point while dealing with daily objects were what
motivated me to pivot the focus of the thesis towards a new skin sensor
module with better characteristics.
128 Chapter 7. Conclusion
Consequently, Chapter 3 presented a sensor module concept of a
magnetic-based sensor with a controllable magnetic field generated by a
coil. The concept was fully implemented and tested and the working
principle has been proven. This was presented as the First Generation of the
module.
Chapter 4 offered three more iterations of design, implementation and
experimentation on the sensor module. By the end of the chapter, a matured
4th Generation was achieved with 1/4 the size of the previous models, reduced
power needed by the coil—to 1/3—and multimodal capacitive sensing.
Chapter 5 studied characteristics of the sensor in detail, offering insight
on sensing ranges, readout profiles, calibration and other parameters.
Compared to the limited number of similar sensors available in the
literature, the sensor module offers very favorable characteristics.
Finally, in Chapter 6, the added multi-modalities of proximity capacitive
sensing and capacitive normal force sensing were investigated in detail.
Sensor network strategies were considered, all of which could be
implemented by reprogramming the sensor module.
7.2 Research Limitations
More research is needed to fully assess the implications of the sensor network
interconnection, being the high power that the coil requires one of the issues.
Several strategies were proposed in Chapter 6 to mitigate this problem but
each of those options would need to be considered in detail.
Furthermore, it would be preferable to lower the non-linearity and
hysteresis of the sensor module as much as possible. For this, new materials
for the Middle Layer will have to be taken into account. Different materials
would also produce different deformation values for shear forces, which is
another area on which future studies could expand. Lastly, the sensor
module calibration would benefit from a full-spectrum study considering a
higher number of current values on the coil and various normal-shear forces
combinations.
7.3 Future Works
Based on the research limitation items, I have started to experiment with
other materials to be used in the sensor module. I think silicone—molded in
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specific shapes to maximize normal and shear deformation values—would
be a good starting point.
Some candidates that possibly fulfill the requirements of the sensor
regarding size and the linearity and hysteresis profiles can be found in
Figure 7.1. Molds were designed and manufactured and new parts were
produced with three different silicone materials: Ecoflex 00-50, Dragon Skin
30 (both from Smooth-On, Inc.) and KE-1603 (from Shin-Etsu Chemical Co.,
Ltd.). Details about each material can be found in Table 7.1.
Experiments on these and other materials will be carried out in the near
future.
FIGURE 7.1: Render of a designed new shape and three possible
new silicone materials to be used for the Middle Layer.
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TABLE 7.1: Silicone materials specifications
Element Ecoflex KE-1603 Dragon
00-50 Skin 30
Mixed Viscosity 8,000 cps 85,000cps 20,000 cps
Density 1.07 g/cm3 1.03 g/cm3 1.08 g/cm3
Shore Hardness (scale) 50 (00) 28 (A) 30 (A)
Tensile Strength 315 psi 508 psi 500 psi
Elongation at Break 980 % 450 % 364 %
The manufacturing method of the sensor module will be revisited in order
to try to minimize the number of steps and simplify the components for the
sensor. To decrease the load of the communication bus between sensors an
event-based system will be implemented: only when a touch or approach
event is detected will the sensor communicate the event. This contrasts with
the constant broadcasting mode commonly employed in sensors.
Further utilization and integration of other components inside the
BMF055 chip would be favorable to detect vibrations, orientation and
temperature. The more data the skin can provide, the more able would the
robot be to interact with the environment.
By the current year of 2020, the production cost of a single module at
the prototype stage is approximately 25 USD. As it would be expected, the
most expensive component is the main microchip BMF055 which, if bought
in low quantities, is around 15 USD. I believe, however, that the overall cost
of the modules could be possibly halved with adjustments on the design of
the sensor to make it more suitable for large-scale manufacture.
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